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ABSTRACT
Seasonal counts of frontal-wave cyclones forming over the Gulf of Mexico and its 
coastal plain show more storms in the five El Niiio winters and fewer storms in 
the eight La Nina winters, from 1960 to 1989, significant at the .01 level by a 
rank sum test. This is corroborated by two results. First, during the same period, 
the frequency of frontal-overrunning weather conditions in the region, indicative 
of storms, was higher in El Nino winters and lower in La Nina winters, significant 
at the .05 level. Second, 100 years of precipitation and temperature records show 
wetter, cooler El Nifio winters and drier, warmer La Nina winters at gulf-region 
land stations and climatic divisions. A threefold explanation, based on National 
Meteorological Center, upper-air data, is offered for the greater frequency of gulf- 
region cyclogenesis during El Niiio winters between 1960 and 1989.
1. Jet Stream The winter, mean, 250-mb jet over the southern United States 
is intensified by 5 to 10 ms-1 and displaced southward between 110° and 
75°W by an average of 200 to 285 km during the five El Niiio winters be­
tween 1966 and 1989. This implies stronger and more-frequent episodes of 
jet-associated, upper-level troughing and divergence over the region, reinforc­
ing surface, frontal-wave cyclones.
2. Upper- and Intermediate-Level Troughs In the five El Niiio winters between 
1963 and 1989, seasonal average heights and temperatures of the 850-, 700-, 
500-, and 200-mb surfaces are lower over the region than they are in non- 
El Niiio winters. This implies more-common presence of cold, low-pressure 
troughs at upper levels, reinforcing surface cyclones.
xxxiii
850-mb Level Winds A 10° eastward shift, at sea level, of the western edge 
of the Bermuda high during the eight El Nifio winters between 1947 and 1989, 
changes normally due-easterly trades in the northwestern Caribbean Sea to 
slightly south of east, allowing greater advection of moisture and heat into 
the gulf from the tropics, preconditioning the area for development of surface 
cyclones.
winter season shows all three conditions and an icrease in cyclogenesis.
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CH APTER 1 
INTRO DUCTIO N
1.1 B ackground
Much storm-related research has focused on the nonfrontal, tropical and subtrop­
ical cyclones, hurricanes, typhoons, and their precursors originating in the east­
erlies of the tropics and subtropics, because of the threat these pose to coastal 
areas. Another type of major storm, the extratropical cyclone, has also received 
attention, due to its capacity to produce dangerous weather. Originating in the 
midlatitude westerlies, the well-developed cold and warm fronts associated with 
these extratropical cyclones can, on most days, be seen to nearly continuously en­
circle the midlatitude globe. Relatively fewer studies have examined the occurrence 
of smaller-scale, frontal-wave disturbances, here called frontal-wave cyclones, that 
form ’piggyback’ along the fronts of the major extratropical storms, typically when 
those fronts become stationary. These storms are less severe, of smaller scale, and 
of shorter duration, one to three days, than the larger tropical and extratropical 
storms. In the Gulf of Mexico region of North and Central America and its sur­
rounding coastal plain, however, they are an important element of fall, winter, and 
spring weather. Nearly all of the winter and spring precipitation in the region 
is associated with these secondary weather systems. The meteorological charac­
teristics of these frontal-wave cyclones over the Gulf of Mexico have recently been 
discussed by Johnson et al. (1984), Hsu (1988, 1992), and by Lewis and Hsu (1992). 
Previously, Saucier (1949) has also reported on Gulf of Mexico region storms.
The present work is primarily concerned with these smaller-scale, frontal-wave 
cyclones. Before the objectives of the current study are presented, it will first be 
instructive to review the annual weather patterns in the Gidf of Mexico region.
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From September to April, weather in the area is dominated by the passage of 
cold fronts, and the ensuing, so-called cold-air outbreaks. These are surges of 
relatively cool, dry, polar air behind the cold-front portions of major, synoptic-scale, 
extratropical cyclones as these track east across North America. Cold fronts in the 
southern United States have been studied by Mortimer et al. (1988) and Fernandez- 
Partegas and Mooers (1975). Recently, the entire August 1992 issue of the Journal 
of Applied Meteorology has been devoted to research on the modification of the 
cold-air mass while over the gulf and to the late-stage, landward or return flow 
associated with these cold-air outbreaks. The air-sea interactive characteristics of 
cold-air outbreaks have been studied by Walker et al. (1987), Schroeder et al. 
(1985), and Huh and Rouse (1984). The cold fronts become stationary near the 
coast or nearer to the shelf edge, depending on characteristics of the cool-air mass 
and on local factors, as discussed in Hsu (1988, 1992) and Lewis and Hsu (1992). 
The frontal-wave cyclones reported herein form along these stationary fronts, often 
over water. Once formed, they track to the northeast, some of them reaching the 
Atlantic Ocean where they may intensify into major storms. Few major synoptic- 
scale, extratropical storms, such as those generated in the lee of the North American 
Cordillera, ever track far enough south for the central low to directly cross the 
gulf or coastal plain. The greatest number of frontal-wave cyclones forming in 
the gulf region occurs in the winter months, December, January, and February, 
with secondary abundances in November and March. Nearly all of the remaining 
frontal-wave cyclones occur in September, October, and April. The rest of the year, 
May to August, the weather in the gulf region is not usually significantly affected 
by fronts, being dominated by local, mesoscale convective systems, by persistent 
high pressure which is an extension of the Bermuda high, and by the occasional 
hurricane, tropical storm, or tropical depression. These last also are an element of 
the fall, September to November, weather.
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1.2 B r ie f R ev iew  o f th e  El N in o /S o u th ern  Os­
cillation  (E N S O )
The present work is focused on the occurrence, in the gulf region, of the frontal-wave 
cyclones introduced above, as affected by the quasi-periodic phenomenon known as 
the El Nino/Southern Oscillation (ENSO). Therefore, a brief review of the ENSO 
follows. Philander (1990) has produced a comprehensive work on the ENSO, with 
emphasis on its wave-like properties. A collection of papers on the extratropical 
effects of ENSO (Newton and Holopainen 1991) has recently been published. Rather 
than attem pt to cite all the relevant ENSO literature, the interested reader is 
referred to these two works which contain extensive bibliographies.
The term, Southern Oscillation, refers to the see-sawing of mean sea-level pres­
sure over the equatorial Pacific which occurs about every four to six years, but 
as often as only two years apart, and as rarely as once in ten years. Normally, 
mean sea-level pressure (MSLP) is lower in the west equatorial Pacific than in the 
east. Darwin, Australia is representative of the western equatorial Pacific; Tahiti is 
representative of the east. Normally, the quantity MSLPxahiti — M S  LPoarwin > 0. 
This quantity has been termed the Southern Oscillation index. Normally, east­
erly trade winds blow along the equatorial Pacific, down a pressure gradient from 
higher to lower pressure. Application of this steady force supports a higher sea 
level, by 40 cm (16 in), in the west than in the east. In the eastern equatorial 
Pacific, it also produces upwelling of cold water along the equator by the following 
mechanism. Easterly-trade-induced, Ekman transport in the surface layer produces 
poleward-flowing currents just off the equator. The resulting surface divergence, 
centered along the equator, causes the upwelling of cooler, deep water. Upwelling 
also occurs along the South American coast (in the Southern Hemisphere), because 
there, southeasterly trades, blowing parallel to the coast, produce offshore-directed,
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surface, Ekman transport, resulting in surface divergence in coastal waters. It is 
also part of the normal situation that the easterly trades in the western Pacific are 
not as strong as those in the eastern Pacific. This allows the surface water in the 
west equatorial Pacific to be warmed by solar radiation to a deeper level than in the 
east. The net normal picture then, is higher sea level and a thicker (4X), warmer, 
surface layer in the western equatorial Pacific than in the eastern equatorial Pacific. 
Completing the atmospheric part of the normal picture is the presence of an east- 
west, vertical circulation cell, the Walker cell. The easterly trades are the surface 
leg of the Walker cell. As trades weaken from east to west across the Pacific, air 
warmed by passage over warm water rises over the west Pacific. A strong zone of 
atmospheric convection results over the west Pacific, accompanied by clouds and 
precipitation. This is the second leg of the Walker cell. Air in this zone can rise 
to jet-stream level and higher, up to 15 km (9 mi) (Philander 1989), before losing 
its moisture, finding its own density level, and joining the upper-level westerlies. 
Eventually, some of this air, having moved north, joins the descending branch of 
the meridional, vertical, Northern Hemisphere, Hadley circulation cell. This air 
descends to join the northeast trades again. The equatorial belts of convergence of 
surface trade winds and rising air are called, collectively, the Intertropical Conver­
gence Zone (ITCZ). These occur preferentially over the warmest water, offset a bit 
from the equator, following the sun in a seasonal migration.
The term El Niiio will be used here to describe the basin-wide oceanic circu­
lation state that evolves when the normal state of affairs for some reason breaks 
down, and the pattern of warm water with atmospheric convection in the western 
equatorial Pacific and cooler water with dry zones in the eastern equatorial Pacific 
changes. The term La Nina will be used to refer to years during which an exagger­
ation occurs of the normal state described above. The terms El Nino and La Nina
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are oceanographic terms, and the corresponding atmospheric states are referred to 
as the negative and positive phases of the Southern Oscillation. As a shorthand, 
when El Nifio and La Nina are used in this work, these oceanographic terms will 
be understood to imply the accompanying negative and positive phases of the at­
mospheric, Southern Oscillation of surface pressure. Aceituno (1992) has recently 
compiled a history of all terms used in reference to the ENSO. Some workers now 
simply use ’warm event’ for El Nifio and ’cold event’ for La Nina, emphasizing the 
fact that these are the two phases, negative and positive, of the tropical Pacific 
ocean-atmosphere system, for example, Deser and Wallace (1990) and van Loon 
and Madden (1981).
When the normal situation breaks down, and an El Nifio event occurs, the 
pressure gradient from east to west decreases or even reverses. Surface pressure be­
comes either not much lower in the west Pacific than in the east, or it is even slightly 
higher in the west. The Southern Oscillation index, MSLPTahiti — M SL P i)arwin is 
either smaller than normal or even negative in the negative phase of the Southern 
Oscillation. The cause of this surface-pressure reversal is not agreed upon. The 
result is that the normally strong, easterly trades in the east Pacific weaken, and 
so the warm, surface water piled up in the western Pacific, no longer supported by 
the wind stress, sloshes back eastward. The migration takes the form of an inter­
nal Kelvin wave, and requires two to three months the reach the Americas. This 
wave can be thought of as a pulse propagating along the thermocline. Afterward, 
there are one or more reflected waves, of lower speed, since the collision with the 
Americas is inelastic. The reflected waves are also like pulses propagating along the 
thermocline and take the form of Rossby waves, requiring 7 to 8 months to reach the 
west Pacific. Coastal Kelvin waves, propagating poleward, are also generated by 
the collision of both the original Kelvin wave and reflected Rossby waves with the
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American and Asian coasts. The process of reflection continues like an echo until 
the vibration is totally damped. Another result of weaker easterly trades during an 
El Nifio event is less divergence of surface water near the equator and, consequently, 
less upwelling of deep, cooler water. Less upwelling combined with imported, warm, 
surface water from the west produces the unusually warm water of the central and 
east Pacific basin which characterizes an El Nifio event. The warm water near 
the South American coast, to which the term, El Nifio, was originally applied, is 
caused by the weaker southeasterly trades, which cause less offshore-directed, sur­
face, Ekman transport, from which less coastal upwelling results. Along with the 
warm water comes a warming of the air over the water and increased atmospheric 
convection and precipitation in the eastern equatorial Pacific. During an El Nifio 
event, the zone of strongest atmospheric convection, which normally is located in 
the west Pacific, is displaced eastward, following the warmest water.
A major simplification was made in the preceding description of the onset of 
El Niiio. It is not really thought that the surface pressure changes first and thus 
causes the change in surface winds. It is not agreed upon what happens first, or, 
what sets off an El Nifio event. There is only agreement on what happens after 
the easterly trades in the east Pacific weaken. It is thought that perhaps sea- 
surface temperature (SST) changes come first, with warm, surface water in the 
east Pacific appearing first. This then would cause surface pressure in the east to 
fall, due to a warmer, moister atmosphere over warmer water (Trenberth 1991). 
After that, the El Nino event progresses as described. There is another school of 
thought that invokes surface winds in the west Pacific as the initial cause. These 
are thought to diminish greatly, or even reverse, becoming westerly, causing the 
warm, surface layer of the west Pacific to travel east as a Kelvin wave. Then this 
warm water, now in the east, causes surface pressure to fall, east trades to diminish
in the east Pacific, and the event continues as described (Trenberth 1991). The 
common ground between the two views is that the onset of El Nifio is an initial- 
value problem. Different initial states can lead to somewhat different solutions, 
and this explains why El Nino events do not all develop in the same way. It seems 
likely that each hypothesis is correct some of the time, and that El Nino events 
have multiple trip mechanisms.
How can this have extratropical effects? The atmosphere must carry the signal 
since it travels so fast, almost concurrent with events in the equatorial Pacific. The 
extratropical signal seems to originate with the reversal in sea-level pressure in the 
equatorial Pacific. Like the analogy of the pulse traveling along the thermocline 
used to explain the El Nino-year changes in surface, oceanic currents and tempera­
tures, reversing the surface pressure pattern in the equatorial Pacific may generate a 
traveling wave in the atmosphere, which manifests itself as a succession of high and 
low surface pressures traveling west to east (Trenberth 1991). An El Niiio event’s 
far-held effects are not confined to the surface layer of the atmosphere. Because of 
the involvement of the vertical circulation cells, the Walker and the Hadley cells 
(Bjerknes 1966, 1974a, 1974b), upper levels up to jet-stream level, are immediately 
involved in an El Nino event. Moving the main equatorial Pacific heat and mois­
ture source two to three thousand kilometers eastward during an El Niiio event 
has important effects on the vertical circulation cells, including their upper-level 
components. Once introduced to upper levels, high wind speeds transmit the sig­
nal rapidly around the globe. Extratropical effects of wide geographic distribution, 
particularly in the winter hemisphere, where circulation is strengthened, have been 
noted (Halpert and Ropelewski 1992a; White and Downton 1991; Tribbia 1991; 
Rasmussen 1991; Lindsay and Vogel 1990; Handler 1990; Held et al. 1989; Hamil­
ton 1988; Yarnal and Leathers 1988; Ropelewski and Halpert 1987, 1986; Hamilton
and Garcia 1986; von Storch and Kruse 1985; Gray 1984a, 1984b; Rogers 1984: 
Quiroz 1983a, 1983b; Lau and Chan 1983a, 1983b; van Loon and Madden 1981; 
Horel and Wallace 1981; Bjerknes 1969, 1972).
1.3 O b jectives and P rev iou s W ork
1.3.1 Objectives
There are two objectives to this work. First, how are frontal-wave cyclones originat­
ing over the Gulf of Mexico and its coastal plain affected by the El Nino/Southern 
Oscillation? (Chapters 2 and 5) Second, how can this be explained? (Chapters 3 
and 4)
1.3.2 Previous Work
Based on the work of Johnson et al. (1984), it was suspected that more frontal- 
wave cyclones formed in the gulf area during El Niiio winters than during non-El 
Niiio winters. (’Storms’ will be used interchangeably with frontal-wave cyclones 
from this point forward.) These workers counted storms in the gulf area between 
November and March of the 11-year period, November 1972 to March 1983, a time 
which included three El Niiio events, 1972/73, 1976/77, and 1982/83. They noted 
that El Niiio winters appear to have more, and stronger, storms than other winters 
although they did not test this statistically. Similarly, Gan and Rao (1991) observed 
an increase in the frequency of cyclogenesis over South America in El Niiio years 
from 1979 to 1988, although no tests of significance were included in their paper.
A number of workers have examined tropical and extratropical precipitation in 
El Niiio years. Those including the Gulf of Mexico region generally have found in­
creased precipitation in El Niiio winters, pointing to the possibility of more storms
9
in the gulf area in El Nino winters. Ropelewski and Halpert (1986, 1987), looking 
at historical, land-station data, cite above-normal precipitation and lower-than- 
normal temperatures in the southeastern United States from October to March of 
El Nifio events in 18 of 22 El Nino events during the time studied, 1875 to 1980. 
Faiers (1988) looked at January precipitation at Lake Charles, Louisiana from 1951 
to 1978 and found three of the six El Nifio Januarys had a high frequency of pre­
cipitation events and frontal-overrunning conditions, indicative of storms. Douglas 
and Englehart (1981) examined winter precipitation in south-central Florida (one 
climatic division) from 1948 to 1975. They found a statistically significant, positive 
correlation between winter precipitation there and in the preceding autumn in the 
central equatorial Pacific, indicating wet winters in south-central Florida during 
El Nino years. These authors also presented some explanation, showing a 20 to 
30 m (65 to 100 ft) negative height anomaly over the gulf region on a composite 
map of the 700-mb level for the six El Nifio winters in the period. They suggested 
that southward displacement of the subtropical-jet stream over the southern United 
States in El Nifio winters was responsible for increased cyclogenesis indicated by 
the increased precipitation, although no jet-level data was provided. Johnson et 
al. (1984) also proposed the same mechanism to explain the increased frequency of 
storms, and provided a schematic map of the jet for the 1982/83 El Nifio winter, 
noting an apparent tendency for a split to develop in the jet in that winter. Quiroz 
(1983a, 1983b) presented data on the 1982/83, winter, 200-mb jet, showing south 
displacement and strengthening over the southern United States, compared to a 
five-year mean from 1976 to 1980. Horel and Wallace (1981) note a strengthening 
and south displacement of the subtropical jet over the tropical Pacific in the six El 
Nifio winters from 1951 to 1978. Their work is based on composite maps of 200-mb 
height anomalies from 10 stations with 28 years of record and 22 stations with less 
than 28 years.
Based on the foregoing previous work, it was expected that a study of 30 years 
would show a statistically-testable increase, during El Nino winters, in the number 
of storms originating over the Gulf of Mexico and coastal plain. A 30-year storm 
count was made for the period, 1960 to 1989, along with a study of the frequency 
of occurrence of gulf-area, synoptic weather types, as a frontal-overrunning type 
was expected to be indicative of storms. A longer-term study of precipitation and 
temperature for the region is the third element of the surface-based study. This 
portion of the work is organized as a comparison, season by season, of El Niiio and 
non-El Nino years, and likewise of La Nina and non-La Nina years. La Nina, being 
the opposite of El Niiio, it was expected that delineation of La Nina trends would 
substantiate and clarify El Niiio trends. These results are presented in chapter 2.
Based on previous speculations that the jet stream is displaced southward over 
the gulf area in El Niiio winters, and so is the cause for increased cyclogenesis, a 
study of 24 years of 250-mb level winds over the region, from 1966 to 1989, was 
undertaken to see if there actually is such displacement and if it is statistically sig­
nificant. As supporting evidence, and recalling the 700-mb negative height anomaly 
reported by Douglas and Englehart (1981), 27 years of height and temperature data, 
from 1963 to 1989, from four constant pressure levels, were also examined to see 
if other levels showed a difference in height and temperature in El Nifio years as 
opposed to other years. Analysis was again season by season, emphasizing com­
parison of El Nifio and non-El Nifio years. Other supporting data includes 850-mb 
level winds (23 years, 1967 to 1989) and sea-level pressure (43 years, 1947 to 1989). 
These results are presented in chapters 3 and 4. The area over which upper-level 
data was analysed is shown in Fig. 1.1.
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Figure 1.1. North. America location map with elevation and bathym etry.
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1.4 U n its o f T im e
1.4.1 W inter Year and Seasons: Definitions and Naming  
Conventions
All analyses were done seasonally, using the four standard seasons. Winter is 
December-February; spring is March-May; summer is June-August; fall is September- 
November. Analyses were also done on an annual basis, which was not the calendar 
year. The 12-month period, from 1 September to 31 August, was chosen for an­
nual calculations in an attem pt to coincide with an average ENSO cycle, and to 
follow the cold-front season in the gulf region, since most cool-season storms in the 
region form in connection with the passage of a cold front. This 12-month period 
is here termed a ’winter year’. It resembles the 1 October to 30 September year 
recommended by Halpert and Ropelewski (1992) as well-suited to track ENSO cy­
cles. The winter year is named according to the first four months. For example, 
winter year 1972 starts 1 September 1972, and ends 31 August 1973. The nam­
ing convention for standard winter seasons differs. Winter seasons take the year 
name of the included January and February. For example, winter 1973 consists of 
December 1972, January 1973, and February 1973. A third time unit was used, a. 
six-month combination of winter and spring seasons, termed ’winter-plus-spring’. 
Named like a standard winter season, winter-plus-spring 1973, for example, runs 
from December 1972 to May 1973.
The correspondence is now described between the winter year and the method 
of counting ENSO time initiated by Rasmussen and Carpenter (1982), who studied 
ENSO events based on SST and surface winds in the Pacific, for the time period, 
1854 to 1976. Rasmussen and Carpenter use three years per event. The year of the 
peak of the event is called ’year zero’. Months in year zero are denoted, for example, 
April(O). The year before the peak year is called year negative one. The year after
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the peak year is called year one, and months are suffixed by (-1) and (1). September 
to December of the winter year are the last four months of their year negative one, 
which they call the Onset Phase. January to August of the winter year are in their 
year(O), which they call the Peak Phase. In the tropics, Rasmussen and Carpenter 
consider April(O) to be most representative of the Peak Phase, and December(-l) 
to best represent the Onset Phase. Winter season used in the present work thus 
includes December(-l), January(O), and February(O). Winter season, December to 
February, shows the most statistically significant, ENSO-related, weather effects in 
the gulf area. Therefore, the data and discussion presented in following chapters is 
focused on winter. Results from other seasons appear in the appendices.
1.5 Selection  o f E l N ino and La N ina  Years and  
Seasons
Since all analyses were done seasonally and annually (winter year), it was necessary 
to identify the seasons included in each El Nino and La Nina event. Tables 1.1 
and 1.2 list the El Nino and La Nina seasons used in this work. Selection of 
particular seasons to include in the individual El Nino and La Nina events was 
done subjectively, by examination of seasonal plots of four indices of ENSO, and 
guided by published lists of El Nino and La Nina events. Events listed in the 
works of Quinn and Neal (1987) and Suppiah (1989) guided the selection of El 
Nino and La Nina seasons, respectively, from seasonal plots of published indices 
of ENSO made from data found in Parker (1983) and Wright (1989). Values of 
the Southern Oscillation index after 1983, not supplied in Parker’s paper, were 
calculated directly from monthly average values of mean sea-level pressure at Tahiti 
and Darwin, Australia (National Climatic Data Center 1948-).
Table 1.1: El Nino seasons and winter years (1 September to 31 August) from 
1851 to 1989, compiled from Wright’s (1989) three indices of ENSO activity, the 
Southern Oscillation index (Parker, 1983), and the list of El Nino events published 
by Quinn and Neal (1987). Wright’s indices are: the DT index, Darwin-Tahiti 
pressure; the SST index, central and eastern equatorial Pacific SST index; and the
Int.* Summer Fall Winter Spring Wnt+Spr Wyear
(Jun-Aug) (Sept-Nov) (Dec-Feb) (Mar-May) (Dec-May) (Sept-Aug)
W/M 1853 1853 1854 1854 1854 1853
M+ 1857 1857 1858 1858 1858 1857
M 1860 1860 1860 1860 1860 1859
S 1864 1864 1865 1864 1865 1864
M 1866 1866 1866 1866 1866 1865
M 1868 1868 1868 1868 1868 1867
s + 1871 1871 1871 1871 1871 1870
M 1874 1873 1874 1874 1874 1873
VS 1877 1877 1877 1877 1877 1876
1878 1878 1878 1877
M 1880 1880 1881 1881 1881 1880
s + 1884 1884 1885 1884 1885 1884
W/M 1887 1888 1888 1888 1887
1888 1888 1889 1889 1889 1888
VS 1891 1891 1891 1891 1891 1890
M-f 1896 1896 1897 1897 1897 1896
S 1899 1899 1900 1900 1900 1899
M+ 1902 1902 1903 1902 1903 1902
W/M 1905 1905 1905 1905 1905 1904
M 1907 1907 1908 1907 1908 1907
S 1911 1911 1912 1911
1912
1912 1911
M+ 1914 1914 1914 1914 1914 1913
S 1917 1917 1918 1918 1918 1917
W/M 1918 1918 1919 1919 1919 1918
Notes:















M 1923 1923 1924 1923 1924 1923
VS 1925 1925 1926 1926 1926 1925
W /M 1930
1930 1930 1931 1931 1931 1930
S 1932 1932 1932 1932 1932 1931
M+ 1939 1939 1940 1940 1940 1939
S 1940 1940 1941 1941 1941 1940
1941 1941
M+ 1943 1943 1944 1943 1944 1943
W /M 1951 1951 1952 1951 1952 1951
M+ 1953 1953 1953 1953 1953 1952
S 1957
1957 1957 1958 1958 1958 1957
M+ 1965 1965 1966 1966 1966 1965
S 1972
1972 1972 1973 1973 1973 1972
M 1976 1976 1977 1977 1977 1976
VS 1982 1982 1983 1983 1983 1982
M 1987 1987 1987 1987 1987 1986
Notes:
*: Intensity, from Quinn and Neal (1987). W - weak; M - moderate; S - strong; VS 
- very strong.
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Table 1.2: La Nina seasons and winter years (1 September 1 to 31 August) from 
1881 to 1989, compiled from Wright’s (1989) three indices of ENSO activity, the 
Southern Oscillation index (Parker, 1983), and the list of La Nina events published 
by Suppiah (1989). Wright’s indices are: the DT index, Darwin-Tahiti pressure 
index; the the SST index, central and eastern equatorial Pacific SST index; and the
central equatorial Pacific islands rainfall index.____________________________
Summer Fall Winter Spring W nt+Spr Wyear
(Jun-Aug) (Sept-Nov) (Dec-Feb) (Mar-May) (Dec-May) (Sept-Aug)
1882 1882 1882 1882 1882 1881
1886 1886 1887 1886 1887 1886
1889 1889 1890 1890 1890 1889
1893 1893 1894 1893 1894 1893
1898 1897 1898 1898 1898 1897
1903 1903 1904 1904 1904 1903
1909 1909 1910 1910 1910 1909
1916 1916 1917 1916 1917 1916
1921 1920 1921 1921 1921 1920
1924 1924 1925 1925 1925 1924
1933 1933 1934 1934 1934 1933
1938 1938 1939 1939 1939 1938
1959 1950 1950 1950 1950 1949
1955 1955 1956 1956 1956 1955
1961 1961 1962 1962 1962 1961
1962 1962 1963 1963 1963 1962
1964 1964 1965 1964 1965 1964
1968 1967 1968 1968 1968 1967
1971 1970 1971 1971 1971 1970
1973 1973 1974 1974 1974 1973
1975 1975 1976 1975 1976 1975




The four indices of ENSO used are the Southern Oscillation index (Parker 1983) 
and three from Wright (1989): the DT index (also based on Darwin and Tahiti 
mean sea-level pressure), the SST index (based on central and eastern equatorial 
Pacific SST) and the rainfall index (based on central equatorial Pacific islands 
rainfall). All four indices agree well. Fig. 1.2 shows the Southern Oscillation index, 
plotted for the winter years 1936 to 1988. Winter years selected as El Nino years 
are marked by solid vertical lines; La Nina winter years are shown by dotted lines. 
Figs. 1.3, 1.4, 1.5, 1.6, 1.7, and 1.8 show Wright’s DT index plotted seasonally from 
1851 to 1984, with solid and dotted vertical lines marking El Nino and La Nina 
seasons, respectively. The two other indices, the SST and rainfall indices, appear in 
appendix R. A bold number next to a point in Figs. 1.3 to 1.8 indicates that season 
is part of an El Nino or La Nina event. The intensity of the El Nino events, after 
Quinn and Neal (1987), is listed at the bottom. The season is named at the top. 
Note that the DT index is calculated such that positive and negative (or high and 
low) values are opposite to the Southern Oscillation index. For example, El Nino 
events are characterized by very low or negative values of the Southern Oscillation 
index, but by very high or positive values of the DT index. This construction of 
the DT index, which postdates the Southern Oscillation index, facilitates visual 
comparison. The DT index has the longest record, about 40 years longer than 
Wright’s other two indices, and about 85 years longer than the Southern Oscillation 
index. All three of Wright’s indices stop in 1984. For reference, Figs. 1.3 to 1.8 list 
Quinn and Neal’s (1987) events at the top. Quinn and Neal’s events are in calendar 
years. This is the source of any apparent discrepancy between Quinn and Neal’s 
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Figure 1.2: Southern Oscillation index by winter years, 1936-88.
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BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP, SOI INDEXES.
FOR REFERENCE, EVENTS ACCORDING TO QUINN+NEAL (1 9 8 7 ): 1850 M; 1854 W/M; 1 8 5 7 -5 8  M+- 1860 M*
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Figure 1.3: DT index (Wright 1989) of ENSO for consecutive seasons, 1851-75. Solid vertical lines m ark El
Nino seasons; dotted lines m ark  La Nina seasons.
BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP, SOI INDEXES
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Figure 1.4: DT index (Wright 1989) of ENSO for consecutive seasons, 1875-1900. Solid vertical lines m ark El
Nino seasons; dotted lines m ark La Nina seasons.
BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP SOI INDEXES
FOR REFERENCE, EVENTS ACCORDING TO QUINN+NEAL (1987 ): 1899-O O S; 1902M +; 1905W /M - 19Q7M*
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Figure 1.5: DT index (Wright 1989) of ENSO for consecutive seasons, 1900-25. Solid vertical lines m ark El
Nino seasons; dotted lines m ark  La Nina seasons.
BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP, SOI INDEXES.
FOR REFERENCE, EVENTS ACCORDING TO QUINN+NEAL (1 9 8 7 ): 1 9 2 5 -2 6  VS; 1 9 3 0 -3 1  W /M ; 1932 S;
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Figure 1.6: DT index (Wright 1989) of ENSO for consecutive seasons, 1925-50. Solid vertical lines m ark El
Nino seasons; dotted lines m ark La Nina seasons.
BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP, SOI INDEXES
FOR REFERENCE, EVENTS ACCORDING TO QUINN+NEAL (1987): 1951 W /M ; 1953 M+; 1 9 5 7 -5 8  S; 1965 M + -
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Figure 1.7: DT index (Wright 1989) of ENSO for consecutive seasons, 1950-75. Solid vertical lines m ark El
Nino seasons; dotted lines m ark La Nina seasons.
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BOLD NUMBERS FLAG EL NINO, LA NINA EVENTS. VERTICALS BASED ON DT, SST, PRECIP, SOI INDEXES
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Figure 1.8: DT index (Wright 1989) of ENSO for consecutive seasons, 1975-84. Solid vertical lines m ark El
Nino seasons; dotted lines m ark  La Nina seasons.
1.5.2 Procedure for Selecting Seasons
The values of the indices and the published lists were the primary guides. Selected 
as El Nino and La Nina seasons are those having appropriate values of the indices 
that fell within or near to Quinn and Neal’s events. Values of the index were 
honored over a literal interpretation of Quinn and Neal’s listed events, which are 
in calendar years. Some of Quinn and Neal’s events, as listed, were a season off 
from the low point on the Southern Oscillation Index. In these cases, the index 
was honored. The general model used for picking seasons as El Nino was that an 
event would probably start in spring or summer and be four to six seasons long. 
The technique was, generally, to select all seasons included in the spikes on the 
indices, between inflection points. This assumes that the indices are synchronous 
with the ENSO events. According to the indices, most La Nina events nearly 
coincided with calendar years, beginning in December. This picks a shorter, and 
more variable-length ENSO event than Rasmussen and Carpenter’s method, (1982) 
which is to examine always three years, essentially, before, during, and after. This 
method, while computationally convenient, encounters a problem with artifactual 
overlap of back-to-back events, such as an El Nino followed by a La Nina. To avoid 
this, workers studying both types of events often confine their study to one or two 
seasons, such as winter and spring.
1.5.3 W inter-Plus-Spring: Combination Season
For the composite season, winter-plus-spring, the indices were replotted using the 
six-month averages and composite seasons were selected independently. In seven 
cases from 1851 to 1989, this caused a winter-plus-spring season to be selected as El 
Nino that included a ’trailing’ spring which had not been included in the El Nino 
event on its own. These seven cases occurred before 1953, affecting the winter-plus-
spring combination of only the longest-term analyses. These are the precipitation 
and temperature data, and the mean sea-level pressure and 500-mb level height 
data; the last two start in 1946. Five La Nina winter-plus-springs, between 1881 
and 1989, included such ’trailing’ springs. Two of these fell within the time span 
of the upper-level data and of the surface data. No La Nina, winter-plus-spring 
results are presented for upper-level data.
C H APTER 2 
SURFACE ANALYSES
To test the hypothesis that more frontal-wave cyclones form over the Gulf of 
Mexico and surrounding coastal plain during El Nino years than during other years, 
three data sets will be examined. The first consists of frontal-wave cyclone and 
cold-front occurrences subjectively counted from Northern Hemisphere or North 
American daily, surface weather maps for the 30-year period, September 1960 to 
August 1990 (United States Department of Commerce September 1960; September 
1970).
In chapter 5, storm and cold-front counts for the last 50 years are presented 
(United States Weather Bureau September 1940; Headquarters, Air Weather Ser­
vice, October 1945). The results of only the last 30 years are emphasized in the 
remainder of this work because dynamic information used to explain the trends in 
the occurrence of storms, that is, upper-level winds, heights, and temperatures, is 
generally complete and of broad coverage for only the last 25 to 30 years. The 
results of only the last 30 years may still be significant. Justification for using 30 
years as a standard climatological period is provided by Kunkel and Court (1990).
The second data set consists of twice-daily observations of gulf-region weather 
type (Muller 1961-, 1977) from January 1961 to August 1990. The third data set 
is composed of records of monthly average temperature and monthly total precip­
itation from 15 gulf-region, single, land stations and from eight gulf-area, climatic 
divisions. Periods of record vary; the average length is about 100 years. All single­
station records used stop in 1980 but start at different times. Climatic-division 
records are all from 1895 to 1989. Each of the three data sets will now be described 
and results presented.
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2.1 Storm  and Cold-Front C ounts: 1960-89
2.1.1 Frontal-Wave Cyclone Description
The storms referred to here as frontal-wave cyclones are the relatively small-scale, 
75 to 175 km (45 to 110 mi) diameter, secondary or daughter cyclones that form 
’piggyback’ on cold fronts traversing the region from northwest to southeast during 
fall, winter, and spring. The cold fronts themselves are part of large, synoptic- 
scale, migratory, extratropical cyclones which track across North America from 
west to east in the prevailing westerlies. Collectively, the larger, ’parent’ cyclones, 
together with the smaller, ’daughter’ cyclones have been called a ’family of wave 
cyclones’ (Petterssen 1958). Gulf-area storm formation and cold-air outbreak both 
peak in the winter months, December, January, and February, Figs. 2.1 and 2.2. 
The frontal-wave cyclones generated in the gulf region are an order of magnitude 
smaller than the parent cyclones, yet are important locally, forming the bulk of 
winter and spring precipitation. Hurricanes, tropical storms and depressions, and 
warm season, transient, localized, mesoscale, convective systems are not included 
in the study.
The storms typically form when a cold front from the north becomes stationary, 
frequently just as the front passes over the relatively warm water of the gulf. About 
half of the 524 storms counted during the 30 years formed over water, Fig. 2.3. The 
frontal-wave cyclones generally track to the northeast and have a one- to tliree-day 
duration. Some, however, such as the Presidents’ Day cyclone of 18-19 February 
1979, the Scamp storm of 23 February 1987, and the epic storm of 12-14 March 
1993, may continue up the U.S. east coast, intensifying and attaining major storm 
status (Uccellini et al. 1984; Reed and Stoelinga 1992). Because of their close 
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Figure 2.2: 30 -year  average number of cold fronts per month, 1960—89, El Nino, non—El Nino, and all years. ODO
geomorphology (Roberts et al. 1987, 1989), a count was also made of the cold fronts 
reaching the region, and so, of the number of cold-air outbreaks occurring. Due to 
the diverse origins and histories of the cold-air masses coming to the area, and to 
the greater subjectivity of such a count, the cold-front data collected is inherently 
more heterogeneous and difficult to interpret than the storm data. Less emphasis is 
placed on these results because of the fairly wide margin of uncertainty associated 
with the cold-front counts.
2.1.2 M ethod of Counting Frontal-Wave Cyclones
A storm was counted if it originated over the gulf or the surrounding coastal plain. 
A storm was also counted if it originated elsewhere, if the center of low pressure 
subsequently came within the geographic region of study. The latter case is much 
less common. For example, given a window of 80° to 100°W and 17° to 33°N, 
only seven of the 524 storms counted from 1960 to 1989 originated outside of the 
window. The restriction that the central low had to come within the coastal plain 
or gulf ensures that extratropical storms originating elsewhere are nearly excluded 
from the data set. Some of these may influence the northern part of the area, but 
they were not counted. This was done because the desired emphasis is on the gulf 
region and cyclogenesis there in El Nino years.
To be accepted, a storm had to have the following characteristics.
1. A central trough of low pressure was required. Although some workers have 
more-stringently required a closed isobar (Whittaker and Horn 1982; Bell 
and Bosart 1989; Gan and Rao 1991), in this work, a closed isobar was not 
required for two reasons. First, regarding the the 24-hour map interval, it 
was assumed that if all other requirements were met, it was likely that a 
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Figure 2.3: Storm s/m onth, by water depth, Sept. 1960 -  Aug. 1990, all years.
33
not requiring a closed isobar is that, in doing so, one accepts the map as 
completely correct. It was thought prudent to regard the analyses (maps) 
produced by the National Meteorological Center (NMC) analysts as a ’best 
guess’, allowing perhaps a 10 to 20% margin of uncertainty, in view of the 
rather sparse data over water and south of the U.S. border.
2. Either a well developed warm front and cold front, or one of the preceeding 
with a stationary front in place of the other was required. The reasons for 
this rather loose requirement are the same as in number one above, with the 
added reason that much variability in storm structure exists, not all storms 
conforming to the ideal, Bjerknes model (Reed 1990).
Every attem pt was made to determine the day and place of origin as closely as 
possible, recognizing the limitations of a 24-hour map. Origination of a storm was 
traced as far back in time as possible without ambiguity, to the first sign of distur­
bance. At times, this meant identifying a hook in a stationary front as the point of 
origin. When fast-moving lows were tracked by NMC analysts, and their position 
marked every six hours, the first mark was used. Locations were determined to a 
half degree, a precision judged appropriate considering other sources of error.
The lowest central pressure recorded at map time during the life of a storm was 
also noted. In most cases, this occurred on the first day the storm appeared on 
the map, degeneration occurring within one or two days. In cases where the storm 
did not decay quickly, but continued to deepen and traveled out of the region, 
the lowest pressure used was that attained while within the gulf area, again to 
emphasize gulf-region trends over those in other areas.
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2.1.3 M ethod of Counting Cold Fronts
To determine the frequency of cold-air outbreak, each cold front reaching the gulf 
or coastal plain was counted, the cold fronts indicated on the daily weather maps 
being used as ’markers’ of individual cold-air outbreaks. In counting the cold fronts, 
emphasis was again placed on the gulf region. Every cold front, identified on the 
daily weather map, that intersected the region was counted, regardless of its origin 
and previous history. This has the disadvantage of mixing cold-air influxes of 
diverse character. The advantage of such an indiscriminate count is that it yields 
maximum information about the gulf region. From the local perspective, one would 
like to know how many cold-air outbreaks occur per season or year, or, as these are 
referred to locally, how many cold fronts are there? Even fronts that did not cross 
the coast were counted because of their potential to generate storms, or at least 
to cause significant cloudiness and precipitation over the coastal plain. The date 
of crossing was taken as the date of the first map showing any part of the front 
intersecting or past the coastline.
2.1.4 Problems w ith the Daily W eather Map
The data set so compiled contains some subjectivity and some weaknesses inherent 
in relying on the daily weather map. One problem has already been indirectly 
mentioned. That is the use of a 24-hour map interval to study storm events of one- 
to three-day duration. Because of their greater persistence, the count of cold fronts 
was less affected by the map interval.
A more serious problem concerns the skill of the NMC analysis itself. Sparsity 
of data over water and south of the U.S. border must adversely affect the analy­
ses. Regarding techniques, Janish and Lyons (1992) have examined NMC analyses 
and forecasts during several cold-air outbreaks over the Gulf of Mexico. They note
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some low-level moisture errors, possibly resulting, they suggest, from inadequate 
boundary-layer physics in NMC models being used at the time. In the time follow­
ing cold-air outbreaks, Janish and Lyons found that NMC forecasts over the gulf 
were too dry. Although they find several problems with various forecasts, Janish 
and Lyons find fewer problems with analyses. The daily weather maps used here 
are analyses, prepared after-the-fact, not forecasts. Further explanation of the dif­
ference between analyses and forecasts appears in 3.1. For the limited use made of 
analyses here, to obtain a simple count of events, it was judged that the advantages 
of using the daily weather map outweigh the disadvantages. First, the maps are 
widely available, free of charge, at U.S. Government Documents Depositories, and 
other investigators will have access to this data for review. Second, use of a 24-hour 
map allows coverage of a long time period fairly rapidly. Some precedent exists for 
using once-daily weather maps to count storms (Hanson and Long 1985; Saucier 
1949).
2.1.5 R esults o f Frontal-Wave Cyclone and Cold-Front Counts
Figs. 2.4 and 2.5 show the number of frontal-wave cyclones occurring seasonally and 
per winter year for 1960 to 1989. Figs. 2.6 and 2.7 show the same for cold fronts.
The rank sum test was used to determine if there was a statistically significant 
difference between the number of frontal-wave cyclones generated and cold fronts 
incident in El Nino years as opposed to all other years. The same was done for La 
Nina years. The results of the rank sum test are presented in Table 2.1, for El Nino 
years against all other years. Table 2.2 shows La Nina years versus all other years.
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Table 2.1: Frequency of frontal-wave cyclones, cold fronts, and hurricanes in El Nino 
years, 1960-1989. Results of the rank sum test, also known as the U-test, Wilcoxon 
test, or Mann-Whitney test, for differences between El Nino and all other years, 
z-Values, or T2-values if the number of observations is less than or equal to 30, are 
used in testing the hypothesis that values for the listed parameters vary between 
El Nino and other years, z-values are provided for inspection only when there are 
less than 31 observations. Two levels of significance are indicated by daggers: a  — 
.01, double dagger and a  =  .05, single dagger. For the hurricane data, reject the 
null hypothesis at the .01 confidence level if z > 2.575 ot z < —2.575, and reject it 
at the .05 level if z > 1.960 or z < —1.960.___________________________________
#  Events Means
Season Time z T2 § El/Other El Nino Other
Frontal-W ave Cyclones
winteryear f 1960-89 1.984 42 5/25 23 16
winter+ spring 1961-90 1.441 52 5/25 17 12
winter J 1961-90 2.771 28 5/25 14 8
spring 1961-90 -0.527 83 6/24 4 4
summer 1961-90 -1.219 57 5/25 1 1
fall 1960-89 1.747 47 5/25 5 3
Cold F ronts
winteryear $ 1960-89 -2.621 31 5/25 51 59
winter-fspring J 1961-90 -2.910 26 5/25 31 36
winter f 1961-90 -2.536 33 5/25 16 20
spring 1961-90 -1.049 73 6/24 15 17
summer 1961-90 0.423 70 5/25 7 6
faU 1960-89 -1.292 55 5/25 14 16
H u rrican es and  Tropical S to rm s
entering gulf/winteryr J 1886-1988 -3.894 27/76 3 4
originate gulf/winteryr 1886-1988 -1.052 27/76 1 1
entering gulf/calendryr 1886-1988 -1.637 28/76 3 4
originate gulf/calendryr 1886-1988 -0.211 28/76 1 1
Notes:
§: T2 = Number of X observations * (Number of X observations -f Number of Y 
observations + 1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Nino or La Nina years.
$ : indicates null hypothesis can be rejected at the .01 level of significance, 
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 2.2: Frequency of frontal-wave cyclones, cold fronts, and hurricanes in La 
Nina years, 1960-89; results of the rank sum test, also known as the U-test, Wilcoxon 
test, or Mann-Whitney test, a test for differences between La Nina and other years; 
z-values, and T2-values when the number of observations is less than 30, are used 
in testing the hypothesis that values for the listed parameters vary between La 
Nina and other years, z-values are provided for inspection only when there are less 
than 31 observations. Two levels of significance are indicated by daggers: a  = .01, 
double dagger and a  — .05, single dagger. For the hurricane data, reject the null 
hypothesis at the .01 confidence level if z > 2.575 or z < —2.575, and reject it at 
the .05 level if z > 1.960 or z < —1.960.______________________________________
#  Events Means
Season Time z T2 § La/Other La Nina Other
Frontal-W ave Cyclones
winteryear f 1960-89 -2.119 79 8/22 14 19
winter-f spring f 1961-90 -2.428 73 8/22 10 14
winter | 1961-90 -2.642 68 8/22 6 10
spring 1961-90 0.690 125 9/21 5 4
summer 1961-90 -0.660 111 8/22 1 1
fall 1960-89 -0.689 110 8/22 3 4
Cold F ronts
winteryear 1960-89 0.376 116 8/22 58 57
winter+spring 1961-90 0.141 121 8/22 36 35
winter 1961-90 0.641 111 8/22 20 19
spring 1961-90 -0.206 135 9/21 16 16
summer 1961-90 -0.880 106 8/22 6 6
fall 1960-89 0.047 123 8/22 16 16
H u rrican es  and  T ropical S to rm s
entering gulf/winteryr 1886-1988 0.355 21/82 4 4
originate gulf/winteryr 1886-1988 -0.416 21/82 1 1
entering gulf/calendryr 1886-1989 1.529 21/83 4 3
originate gulf/calendryr 1886-1989 -0.593 21/83 1 1
Notes:
§: T2 =  Number of X observations * (Number of X observations + Number of Y 
observations -f 1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Nino or La Nina years.
t  : indicates null hypothesis can be rejected at the .01 level of significance, 
f : indicates null hypothesis can be rejected at the .05 level of significance.
2.1.6 Rank Sum Test for Differences between Two Groups
The rank sum test, also called the U-test, Wilcoxon test, or Mann-Whitney test 
(Hoel 1962; Snedecor and Cochran 1980; Miller and Freund 1985) is basically a 
test of the hypothesis that the means of two groups differ significantly. In this 
case, it tests whether or not the mean of the number of frontal-wave cyclones per 
season in El Nino years differs from the mean number of frontal-wave cyclones 
per season in non-El Nino years. Parallel tests comparing La Nina years to non- 
La Nina years were also done. For a sample size greater than 30 (Snedecor and 
Cochran 1980) the result of the rank sum test is a z-value that can be referred to 
a table of the probability values of the normal distribution function. For a given 
level of significance, a  , the null hypothesis can be rejected if the calculated z for a 
random variable exceeds a certain critical value. This is then the confidence level at 
which one’s assertion, or the alternative hypothesis that the means actually differ, 
is correct. When sample size is less than or equal to 30, and the two groups being 
compared are of unequal size, as here, Snedecor and Cochran (1980) recommend 
calculating an additional statistic, T2, which also depends on sample size, and using 
it in place of z-values. The T2 statistic is defined as
T 2 =  4t^Xobservations x (#A ”observations + #Yobserva tions  4- 1) (2.1)
— S u m  o f  the ranks o f  the X  observations.
The X observations are the smaller set, the El Nino or La Nina years. Tables 
for evaluation of the T2 statistic are available in Snedecor and Cochran (1980) 
for the .01 an .05 confidence levels. Additional tables for confidence levels up to 
.20 are available in Verdooren (1963). The International Library of Mathematics 
and Statistics (IMSL) subroutine, RNKSM, was used for the rank sum test, with 
enhancements as needed (IMSL 1987).
Inspection of the relative magnitude of parameter means for El Nino years as 
opposed to other years aids physical interpretation of rank sum test results. For 
example, from Table 2.1, the mean of the number of storms per winter year in El 
Nino years is 23 versus 16 in all other years. The T2 value, 42, passes as significant 
at the .05 confidence level, from reference to the tables. In this case of a sample 
size of 30, there are almost enough values to use the z statistic, and so the z-values 
look reasonable. Later, in the 50-year storm and cold-front counts in chapter 5, 
z-values will be used, so an example of their interpretation follows. The z-value 
for storms per winter year from Table 2.1 is positive 1.984, significant at the .05 
level, according to z-tables. This says that in the 30 years analyzed, there are more 
frontal-wave cyclones in El Nino years than in non-El Nino years. If the z-value 
were negative, this would have indicated fewer storms in El Nino years than in 
non-El Nino years.
2.1.7 Summary of Frontal-Wave Cyclone and Cold-Front 
Results
Fig. 2.8 summarizes the storm and cold-front results for winter years. El Nino 
winters and winter years have more storms than their counterparts in other years, 
significant at the .01 and .05 confidence levels, respectively, by the rank sum test. El 
Nino winters, winter years, and winter-plus-springs have statistically significantly 
fewer cold fronts, at the .01 or .05 confidence levels, than their counterparts in other 
years. La Niiia winters, winter-plus-springs, and winter years have fewer storms, 
significant at the .01 or .05 confidence levels, than their counterparts in other years. 
The number of cold fronts did not differ significantly, by the rank sum test, betwen 
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Figure 2.8: Frontal-w ave cyclones and cold fronts, w inter years, 1960-89.
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2.2 W eather-T ype Frequency: 1961-90
Twice-daily observations of synoptic weather type, judged with respect to a refer­
ence point at New Orleans, Louisiana, were also examined for the period, January 
1961 to August 1990. This data was obtained from Dr. R. A. Muller, then of the 
Louisiana State Office of Climatology (Muller 1961-). Muller (1977) has identified 
eight synoptic weather patterns that, together with transition periods, encompass 
all the variability of gulf-region weather. These are described in the 1977 paper 
and summarized below.
2.2.1 W eather-Type Description
From November to April, gulf-region weather is markedly cyclic. A succession of 
four stages repeats with an average period of about seven days. (In early fall and 
late spring, the basic cycle holds, but it is less regular.) The typical sequence, 
starting just before a cold front from the north or northwest passes New Orleans 
follows.
1. Gulf Return and Frontal Gulf Return. The Gulf Return weather type occurs 
before a cold front crosses New Orleans. It is characterized by a flow of warm, 
moist air from the south or southeast. The Frontal Gulf Return weather type 
occurs when normal, southerly, Gulf Return flow is intensified ahead of an 
approaching cold front. Warm air rising along the approaching cold front can 
cause significant precipitation.
2. Frontal Overrunning. The Frontal Overrunning type often occurs after a 
frontal passage and when a cold front has crossed the coast and has, perhaps, 
become stationary, often along the coast or over the shelf. Frontal-wave cy­
clones frequently form along these stationary fronts (Faiers 1988). Frontal
Overrunning weather is typified by overcast conditions, north or northeast 
winds, cool temperatures, and rain.
3. Pacific High or Continental High. This is the clear, dry, cool, weather type in 
which high pressure - from the north in the case of Continental High type, or 
from the northwest, in the Pacific High type, spreads over the region. Winds 
are from the north or northwest, respectively.
4. Coastal Return. High pressure drifts eastward, and winds veer from northerly 
to easterly in this transition weather type. The basic cycle is complete, and 
a southerly flow is reestablished with the following onset of Gulf Return or 
Frontal Gulf Return weather.
Note that from stages one to three, winds veer from southerly to northerly, and then 
veer to easterly in the last stage, finally veering to southerly as the cycle starts over. 
Two last weather types occur dominantly in the warm season. These are: the Gulf 
Tropical Disturbance type, which includes tropical storms, tropical depressions, 
and hurricanes; and the Gulf High type, which occurs mainly in summer, as the 
Bermuda high extends westward over the gulf, producing hot, dry, summer weather.
2.2.2 Summary of W eather-Type Results
Three types show El Nino- and La Nina-year trends. These are first, the stormy, 
Frontal Overrunning type, and second, the two that occur before cold-front passage, 
the Gulf Return and Frontal Gulf Return types. The seasonal and winter-year 
occurrences of the three weather types appear as follow: Frontal Overrunning (Figs. 
2.9, 2.10), Frontal Gulf Return (Figs. 2.11, 2.12), and Gulf Return (Figs. 2.13, 
2.14). The sum of the last two types is also shown, Frontal Gulf Return plus Gulf 
Return (Figs. 2.15, 2.16), because it wras expected to parallel the cold-front counts.
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To see if the seasonal frequency of occurrence of any of these weather types was 
different during El Nino years or in La Niiia years, the rank sum test was used on 
El Nino and all other years, and again on La Niiia and all other years. Tables 2.3 
and 2.4 show the rank sum test results for El Nino and La Niiia tests, respectively. 
The results for the Frontal Overrunning weather type strongly parallel those for 
the previously-discussed frontal-wave cyclones in frequency of occurrence both in 
El Nino and La Niiia years. This agrees with Faiers’ (1988) finding of a positive 
correlation between January precipitation at Lake Charles, Louisiana from 1951 to 
1988, and the occurrence of the Frontal Overrunning weather type. Results for the 
Frontal Gulf Return and Gulf Return weather types parallel those for cold-front 
frequencies, though less strongly. Statistically significant differences follow.
Table 2.3: Frequency of occurrence of the eight principal weather types at New 
Orleans, Louisiana, 1961-90, as defined by Muller (1977), in El Nino years versus 
other years; results of the rank sum test. There are two observations per day in 
Muller’s data set and the number of observations per season or year is reported 
here on that basis. For example, the maximum number of observations per year 
is 730, or about 182 per seascm. Results of the rank sum test, also known as the 
U-test, Wilcoxon test, or Mann-Whitney test for differences between El Nirio and 
other years. It is a test of the hypothesis that values for the listed parameters vary 
between El Nino and other years. T2-values are used in place of z-values since the 
number of observations is less than or equal to 30 and since the two groups are of 
unequal size, z-values are provided for inspection only. Two levels of significance
7 OO 7 a__ __.cto
#  Events Means
Season Time z T2 § El Nino/Other El Niiio Other
F ron ta l O verrunn ing  (FO R ) Parallels Number of Storms
winteryear f 1961-89 2.050 40 5/24 157 124
winter-t-spring 1962-90 1.877 43 5/24 106 85
winter f 1962-90 2.140 38 5/24 73 56
spring 1961-90 -0.703 80 6/24 30 30
summer 1961-90 -0.530 68 5/25 9 10
fall 1961-89 0.404 68 5/24 34 31
Fron ta l G ulf R e tu rn  (F G R ) Parallels Number of Cold Fronts
winteryear 1961-89 -0.521 66 5/24 85 90
winter+spring 1962-90 -0.924 59 5/24 49 56
winter 1962-90 -1.676 46 5/24 21 28
spring 1961-90 0.182 90 6/24 29 28
summer 1961-90 0.335 72 5/25 15 17
fall 1961-89 -0.550 66 5/24 16 18
G ulf R e tu rn  (G R ) Parallels Number of Cold Fronts
winteryear 1961-89 -1.011 58 5/24 120 135
winter+spring f 1962-90 -2.485 32 5/24 54 74
winter f 1962-90 -2.083 39 5/24 13 22
spring 1961-90 -1.947 56 6/24 41 52
summer 1961-90 0.279 73 5/25 39 38
fall 1961-89 0.029 75 5/24 22 24
(F rontal G ulf R e tu rn + G u lf  R e tu rn  (F G R + G R )
winteryear 1961-89 -0.924 59 5/24 205 225
winter+spring f 1962-90 -2.486 32 5/24 103 130
winter f 1962-90 -2.312 35 5/24 33 50
spring t 1961-90 -2.232 50 6/24 69 80
summer 1961-90 -0.028 77 5/25 54 55
fall 1961-89 -0.202 72 5/24 38 42
Table 2.3: continued.
#  Events Means
Season Time z T2 § El Nino/Other El Nino Other
Pacific H igh (P H )
winteryear 1961-89 1.330 52 5/24 31 22
winter+spring 1962-90 1.272 53 5/24 27 17
winter 1962-90 1.187 55 5/24 13 8
spring 1961-90 1.899 57 6/24 15 8
summer 1961-90 **** 78 5/25 0 0
fall 1961-89 0.350 69 5/24 5 5
C on tinen ta l H igh (C H )
winteryear 1961-89 -0.173 72 5/24 160 169
winter+spring 1962-90 -0.144 73 5/24 81 83
winter 1962-90 -0.520 66 5/24 42 45
spring 1961-90 0.856 77 6/24 42 37
summer 1961-90 0.390 71 5/25 26 22
fall 1961-89 0.867 60 5/24 68 61
G ulf H igh (G H )
winteryear 1961-89 -0.780 62 5/24 66 75
winter+spring 1962-90 0.463 67 5/24 20 17
winter 1962-90 -0.174 72 5/24 8 9
spring 1961-90 0.441 85 6/24 10 9
summer 1961-90 -0.473 69 5/25 46 51
fall 1961-89 0.204 72 5/24 6 6
G ulf Tropical D istu rb an ce  (G T D )
winteryear 1961-89 -0.405 68 5/24 25 25
winter+spring 1962-90 0.219 73 5/24 1 1
winter 1962-90 **** 75 5/24 0 0
spring 1961-90 0.040 93 6/24 1 1
summer 1961-90 -1.282 55 5/25 10 17
fall 1961-89 0.262 71 5/24 9 9
C oasta l R e tu rn  (C R )
winteryear 1961-89 -0.636 64 5/24 85 90
winter+spring 1962-90 -1.157 55 5/24 27 32
winter 1962-90 -0.842 61 5/24 10 13
spring 1961-90 -0.416 85 6/24 18 19
summer 1961-90 1.421 52 5/25 39 30
fall 1961-89 -1.214 54 5/24 21 29
Notes:
§: T2 = Number of X observations * (Number of X observations + Number of Y 
observations + 1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Nino or La Niiia years.
|  : indicates null hypothesis can be rejected at the .01 level of significance, 
f : indicates null hypothesis can be rejected at the .05 level of significance.
In El Nino years, the frequency of Frontal Overrunning is significantly higher 
(.05 confidence level) in the winter season and in winter years, exactly as for storms, 
Figs. 2.9, 2.10. Taken alone, Frontal Gulf Return was less common in El Nino 
winters, winter-plus-springs, and winter years, but the reduction was not significant 
at either the .01 or .05 level, Figs. 2.11, 2.12. The Frontal Gulf Return, winter- 
season result was, however, significant at the .20 level, by reference to tables in 
Verdooren (1963). Taken alone, Gulf Return was significantly less common in El 
Nino winters and winter-plus-springs (.05 confidence level), Figs. 2.13, 2.14. When 
a sum of Frontal Gulf Return and Gulf Return weather-type occurrences is used, 
the sum occurs significantly less often (.05 confidence level) in winter, spring, and 
winter years, Figs. 2.15, 2.16. This is almost identical to the cold-front count results, 
fewer cold fronts in in El Nino winters, winter-plus-springs and winter years.
The La Nina results, Table 2.4, are almost equal and opposite to the El Nino 
results, Table 2.3. The Frontal Overrunning type is less common in La Niiia winters 
and winter years than in non La Nina winters and winter years, significant at the 
.05 confidence level, echoing the low number of storms in La Nina winters and 
winter years (Figs. 2.9, 2.10). The parallelism to the direct cold-front counts in La 
Niiia years is not as strong. Taken alone, the Frontal Gulf Return type was more 
common, but significant only at the .10 confidence level (Figs. 2.11, 2.12). Gulf 
Return, taken alone, was more common in winter-plus-spring, but only significant 
at the .20 level (Figs. 2.13, 2.14). In La Nina years, just the combination of Frontal 
Gulf Return plus Gulf Return types was significantly more common at the .05 
confidence level, and only in winter-plus-spring. However, in La Niiia winters, the 
sum of the two types was higher at the .10 confidence level (Figs. 2.15, 2.16). The 
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Figure 2.9: Number of occurrences of Frontal Overrunning, seasonally, 1961-90. Two observations/day. 
Parallels number of frontal-w ave cyclones.
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Figure 2.10: Number of occurrences of Frontal Overrunning, winter years, 1961-89. Two observations/day. 
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Figure 2.11: Number of occurrences of Frontal Gulf Return plus Gulf Return, seasonally, 1961-90. Two
observations/day. Parallels num ber of cold fronts.
FRONTAL GULF RETURN +  GULF RETURN WEATHER TYPES, WINTER YEARS, 1 9 6 1 -8 9
o  SOUTHERN OSCILLATION INDEX DASHED. NOT TO SCALE. SOI 
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Figure 2.12: Number of occurrences of Frontal Gulf Return plus Gulf Return, w inter years, 1961-89. Two
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Figure 2.13: Number of occurrences of Frontal Gulf Return, seasonally, 1961-90. Two observations/day.
Parallels num ber of cold fronts.


































.VERT CALS: SO_ID=EL NINO; D0TTED =  IY\ NINA 
VS,... , i iM i j iM ±
I960 1965 1970 1975 1980 1985 1990
Figure 2.14: Number of occurrences of Frontal Gulf Return, winter years, 1961-89. Two observations/day.
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Figure 2.15: Number of occurrences of Gulf Return, seasonally, 1961-90. Two observations/day.
Parallels num ber of cold fronts.
GULF RETURN WEATHER TYPE BY WINTER YEAR, 1 9 6 1 -8 9 .  
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Figure 2.16: Number of occurrences of Gulf Return, winter years, 1961-89. Two observations/day.
Parallels num ber of cold fronts.
Table 2.4: Frequency of the eight principal weather types at New Orleans, 
Louisiana, 1961-90, as defined by Muller (1977), in La Nina years versus other 
years. There are two observations per day in Muller’s data set. The maximum 
number of observations per year is 730, or about 182 per season. Results of the 
rank sum test, also known as the U-test, Wilcoxon test, or Mann-Whitney test for 
differences between La Nina and other years. It is a test of the hypothesis that 
values for the listed parameters vary between La Niiia and other years. T2-values 
are used in place of z-values since the number of observations is less than or equal 
to 30. z-values are provided for inspection. Two levels of significance are shown, a  
= .01, reject the null hypothesis if z > 2.575 or z < —2.575, double dagger, a =
.05, reject the null hypothesis if z > 1.960 or z < —1.960, single dagger._________
#  Events Means
Season Time z T2 § La Nina/Other La Niiia Other
F ron ta l O verrunn ing  (FO R ) Parallels Number of Storms
winteryear f 1961-89 -2.098 77 8/21 110 138
winter+spring 1962-90 -1.489 90 8/21 77 93
winter f 1962-90 -2.273 74 8/21 47 64
spring 1961-90 0.273 134 9/21 30 30
summer 1961-90 0.729 109 8/22 11 10
fall 1961-89 -1.928 81 8/21 25 34
F ron ta l G ulf R e tu rn  (F G R ) Parallels Number of Cold Fronts
winteryear 1961-89 1.345 93 8/21 95 86
winter+spring 1962-90 1.318 93 8/21 62 52
■winter 1962-90 1.930 81 8/21 32 25
pring 1961-90 0.340 132 9/21 29 28
summer f 1961-90 -2.279 76 8/22 12 18
fall 1961-89 1.320 93 8/21 20 17
G ulf R e tu rn (G R ) Parallels Number of Cold Fronts
winteryear 1961-89 0.732 105 8/21 142 129
winter+spring 1962-90 1.660 86 8/21 80 67
winter 1962-90 0.905 102 8/21 25 19
spring 1961-90 0.340 132 9/21 51 49
summer 1961-90 -0.611 111 8/22 36 39
fall 1961-89 -0.391 112 8/21 23 24
F ron ta l G ulf R e tu rn + G u lf  R e tu rn  (F G R + G R )
winteryear 1961-89 0.952 101 8/21 237 215
winter+spring f 1962-90 2.394 71 8/21 142 119
winter 1962-90 1.954 80 8/21 57 44
spring 1961-90 0.272 134 9/21 81 77
summer 1961-90 -1.809 86 8/22 47 57
fall 1961-89 0.269 115 8/21 43 41
Table 2.4: continued.
#  Events Means
Season Time z T2 § La Nina/Other La Niiia Other
Pacific H igh (P H )
winteryear 1961-89 -1.246 95 8/21 20 25
winter+spring 1962-90 -1.051 99 8/21 17 19
winter 1962-90 -0.832 103 8/21 8 9
spring 1961-90 -0.341 132 9/21 8 10
summer 1961-90 124 8/22 0 0
fall 1961-89 -0.887 102 8/21 3 5
C o n tin en ta l H igh (C H )
winteryear 1961-89 -0.781 104 8/21 162 169
winter+spring 1962-90 -0.977 100 8/21 77 85
winter 1962-90 0.220 116 8/21 45 45
spring 1961-90 -1.336 110 9/21 35 40
summer 1961-90 -1.314 96 8/22 18 24
fall 1961-89 -0.293 114 8/21 60 63
G ulf H igh (G H )
winteryear 1961-89 1.734 85 8/21 89 68
winter+spring 1962-90 0.612 108 8/21 20 17
winter 1962-90 0.269 115 8/21 8 9
spring 1961-90 0.929 119 9/21 12 8
summer J 1961-90 2.534 70 8/22 62 46
fall 1961-89 0.665 107 8/21 7 6
G ulf T ropical D istu rb an ce  (G T D )
winteryear 1961-89 0.024 120 8/21 24 26
winter+spring 1962-90 1.817 96 8/21 1 0
winter 1962-90 120 8/21 0 0
spring 1961-90 0.453 133 9/21 1 0
summer 1961-90 0.634 111 8/22 18 15
fall 1961-89 1.229 95 8/21 11 9
C oasta l R e tu rn  (C R )
winteryear 1961-89 -0.317 114 8/21 87 90
winter+spring 1962-90 -0.196 116 8/21 31 32
winter 1962-90 1.804 83 8/21 15 11
spring 1961-90 -0.295 133 9/21 18 19
summer 1961-90 -0.775 108 8/22 27 33
fall 1961-89 1.636 87 8/21 34 25
Notes:
§: T2 = Number of X observations * (Number of X observations + Number of Y 
observations + 1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Nino or La Niiia years.
t : indicates null hypothesis can be rejected at the .01 level of significance, 
f : indicates null hypothesis can be rejected at the .05 level of significance.
2.3 T em perature and P recip ita tion  R ecords
A third data set, temperature and precipitation records, was used in an attempt to 
support or refute the previous findings based on storm and cold-front counts and 
on weather-type frequencies. Based on more storms occurring in El Nino winters, 
one would expect more precipitation in El Nino winters and relatively less in La 
Niiia winters. Also on the basis of more storms, lower average winter temperatures, 
resulting from frequent cloud cover associated with storms, may also be expected in 
El Nino winters, with the opposite expected in La Nina winters. Predictions based 
on the number of cold fronts are not considered, as insufficient information has been 
obtained about the fronts such as their speed of travel, or, more importantly, about 
the winds, pressure, temperature, and humidity of the air mass behind them, to 
allow adequate hypothesis testing, and because of the potential problems with the 
cold-front counts. (Solely on the basis of fewer cold fronts in El Nino winters, one 
might expect warmer average temperatures in the gulf region. Although this was 
the case in the 1991/92 El Nifio, which is not included in this report, long-term 
temperature records show the opposite, cooler El Nifio winters. See also 4.2.4.)
To test the above prediction based on storm frequency, that is, wetter, cooler El 
Niiio winters and warmer, drier La Niiia winters, average seasonal temperature and 
seasonal total precipitation records from 15 land stations in the gulf coastal plain 
were examined. Corresponding data from eight climatic divisions was also used, 
although the two types of data were analyzed separately because of their differing 
natures. Climatic-division data is produced by combining data from several stations 
within a small, ideally climatically homogeneous region, in an attem pt to overcome 
possible single-station peculiarities. Station data was supplied by the National Car­
bon Dioxide Information Analysis Center (NCDIAC) (Bradley et al. 1985). The 
NCDIAC has compiled for distribution on magnetic tape or diskette global, histor­
ical, station data back as far as 1851, and up to 1980. Lengths of record vary. The 
original data comes from many sources, including The World Weather Records of 
the Smithsonian Institution. The data has been carefully reviewed by the NCDIAC 
for errors and consistency. The climatic-division data was supplied by The Southern 
Regional Climate Center, located in Baton Rouge, Louisiana (Southern Regional 
Climate Center). This data is also reviewed for quality. All division data used 
covers the period 1895 to 1989. Divisions were chosen to fill spatial gaps in station 
data, to achieve roughly even coverage over the gulf area. Stations used are, from 
east to west: Casa Blanca, Cuba; Key West, Miami, Tampa, Florida; Thomasville, 
Georgia.; Pensacola, Florida; Mobile, Alabama; New Orleans, Louisiana; Merid­
ian, Vicksburg, Mississippi; Alexandria, Jennings, Louisiana; Galveston, Corpus 
Christi, Texas; and Merida, Mexico. Divisions used are, from east to west: Key 
West, St. Petersburg, Tallahassee, FL; New Orleans, Lake Charles, La.; Houston, 
Corpus Christi, Brownsville, Tx.
2.3.1 Temperature and Precipitation Results
The rank sum test was again used to determine El Nifio- and La Nina-year differ­
ences. When using the rank sum test repeatedly on one field, as here, the proba­
bilities of error are additive. To compensate, in the data from eight divisions, for 
example, the .05 confidence criterion used is not z.0 5 , but z.0 5 / 8 > 01 z.0 0 6 2 5 , dividing 
by the number of places at which the test is used (Snedecor and Cochran 1980, p. 
116, p. 166). Single-station data is not so compensated because of varying periods 
of record, although, because there is considerable overlap, unadjusted probabilities 
are likely to be optimistic and should be viewed as ’indices’.
Station and division locations and all seasons at each with statistically signifi­
cant differences in total preciptation or average temperature between El Nino and
other years, and between La Nina and other years are contained in the following 
sequence of figures: El Nino and La Nina station temperature (Figs. 2.17, 2.18) 
and station precipitation (Figs. 2.19, 2.20); El Nino and La Nina division temper­
ature (Figs. 2.21, 2.22) and division precipitation (Figs. 2.23, 2.24). Tables 2.5 
and 2.6 summarize temperature and precipitation results from station data. Ta­
bles 2.7 and 2.8 summarize temperature and precipitation results from division 
data. Complete results, including those not significant at the .01 or .05 confidence 
level, are given in appendix Q. Briefly, these results appear to substantiate results 
from the storm and cold-front counts and from the weather-type frequencies by 
showing cooler, wetter El Nino winters and warmer, drier La Nina winters. In El 
Nino winters, nine of fifteen stations and six of eight divisions show statistically 
significantly greater winter precipitation. Eight stations and no divisions show sig­
nificantly lower temperature (.01 or .05 confidence level). In La Nina winters, five 
of fifteen stations and two of eight divisions show statistically significantly lower 
winter precipitation. Nine stations and no divisions show significantly higher tem­
perature (.01 or .05 confidence level). Although not all stations or divisions show 
significantly moister, cooler El Nino winters and drier, warmer La Nina winters, 
conflicting results of significance are absent, and nearly all stations and divisions 
follow the trends.
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Figure 2.17: Single stations where seasonal average tem perature  differs significantly (at .01 or .05 level)
in El Nino years. 15 Stations analyzed. Confidence criteria, z—values, unadjusted for multiple use of test.
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Figure 2.18: Single sta tions where seasonal average tem perature  differs significantly (at .01 or .05 level)
in La Nina years. 15 Stations analyzed. Confidence criteria, z—values, unadjusted for m ultiple use of test.
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Figure 2.19: Single stations where seasonal average precipitation differs significantly (at .01 or .05 level)
in El Nino years. 15 Stations analyzed. Confidence criteria, z—values, unadjusted for m ultiple use of test.
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Figure 2.20: Single sta tions vrhere seasonal average precipitation differs significantly (at .01 or .05 level)




















EL NINO YEARS, 8 CLIMATIC DIVISIONS, ALL .05 SIGNIFICANT SEASONS
TEMPERATURE
40 N
YR / -YR ,
<^AKE CHARLE^




100 W 90  W 80  W
Figure 2.21: Climatic divisions where seasonal average tem pera tu re  differs significantly (at .01 or .05 level)
in El Nino years. Eight divisions analyzed. Confidence criteria, z—values, adjusted for m ultiple use of test.
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Figure 2.22: Climatic divisions where seasonal average tem perature  differs significantly (at .01 or .05 level)
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Figure 2.23: Climatic divisions where seasonal average precipitation differs significantly (at .01 or .05 level)
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Figure 2.24: Climatic divisions where seasonal average precipitation differs significantly (at .01 or .05 level)
in La Nina years. Eight divisions analyzed. Confidence criteria, z -values, adjusted for m ultiple use of test.
Table 2.5: Temperature at 15 gulf-region, single stations; all seasons with temper­
ature differences significant at the .01 or .05 confidence level by the rank sum test. 
Confidence criteria on single-station data are not adjusted for multiple use of rank 
sum test because period of record varies from station to station. A blank indicates 
the parameter was not significant at either level. Stations used, from east to west: 
Casa Blanca, Cuba; Key West, Miami, Tampa, FI.; Thomasville, Ga.; Pensacola, 
FI.; Mobile, Al.; New Orleans, La.; Meridian, Vicksburg, Ms.; Alexandria, Jennings,
Season El Nino
Average Temperature 0| 
Non-El Nino La Nina
C
Non-La Nina











winter 11.2 12.2 12.6 11.8
Pensacola, FI, 1879-1980
winteryear 19.6 20.0
winter+spring 15.5 16.1 16.4 15.7
winter 11.7 12.4 13.0 12.0
M obile, Al, 1873-1970
winteryear 19.1 19.5
winter+spring 14.9 15.5 15.9 15.2
winter 10.9 11.6 12.3 11.3
N ew  O rleans, La, 1874-1980
winteryear 20.6 20.9
winter+spring 16.5 17.1 17.4 16.8
winter 12.6 13.4 14.0 13.0
spring 20.6 20.7
fall 21.2 21.7
M erid ian , Ms, 1889-1980
winter










Table 2.5. : continued.
Average Temperature °C
Season El Nino Non-El Nino La Nifia Non-La Nina





G alveston , T x, 1873-1977
winteryear 20.5 21.0 21.2 20.8
winter+spring 16.2 16.9 17.3 16.5
winter 12.4 13.4 13.9 12.9
spring 20.6 20.2
fall 21.7 22.4
C orpus C h ris ti, T x, 1887-1950
winteryear 21.3 21.9
winter+spring 17.3 18.2 18.7 17.8
winter 13.8 14.8 15.7 14.2
spring 21.0 21.7
fall 22.5 23.1





Table 2.6: Precipitation at 15 gulf-region, single stations; all seasons with precipi­
tation differences significant at the .01 or .05 confidence level by the rank sum test. 
Confidence criteria on single-station data are not adjusted for multiple use of rank 
sum test because period of record varies from station to station. A blank indicates 
the parameter was not significant at either level. Stations used, from east to west: 
Casa Blanca, Cuba; Key West, Miami, Tampa, FI.; Thomasville, Ga.; Pensacola, 
FI.; Mobile, Al.; New Orleans, La.; Meridian, Vicksburg, Ms.; Alexandria, Jennings,
Season
Average Total Precipitation (mm)
El Nino Non-El Nino La Nina Non-La Nina
K ey W est, FI, 1851-1970





M iam i, FI, 1851-1970
winter+spring 541 441
winter 208 145 117 163
fall 435 529
T am pa, FI, 1851-1970
winter+spring 445 372 304 411
winter 233 171 132 197
T hom asville , G a, 1892-1980
winter+spring 566 652
winter 376 295











N ew  O rleans, La, 1874-1980
winteryear 1370 1591
winter+spring 592 791
winter 401 342 317 375
spring 309 407
Table 2.6. : continued.
Season
Average Total Precipitation (mm)
El Nino Non-El Nino La Nina Non-La Nina,
M erid ian , M s, 1889-1980
winteryear
A lexandria , La, 1894-1980
1230 1401
winteryear 1546 1404
Jen n in g s, La, 1897-1980
winteryear 1653 1436 1298 1541




G alveston , T x, 1873-1977
winteryear 1287 1065
winter+spring 584 448 401 503
winter 305 234 215 263
spring 276 211
fall 407 307






C asa B lanca, C uba, 1895-1980
winteryear 1047 1201
winter+spring 432 356
winter 213 151 107 179
Table 2.7: Temperature at 8 gulf-region, climatic divisions, 1895 to 1989; all sea­
sons with temperature differences significant at the .01 or .05 confidence level by 
the rank sum test. Confidence criteria, z-values, are adjusted to compensate for 
the multiple use of the test on one field. A blank indicates the parameter was not 
significant at either level. Divisions used, from east to west: Key West, St. Peters­
burg, Tallahassee, FI.; New Orleans, Lake Charles, La.; Houston, Corpus Christi,
------, -------------- ,
Season El Nino
Average Temperature °C 
Non-El Nino La Nina Non-La Nina
N ew  O rleans, La, 1889-1989
winteryear
Lake C harles, La, 1895-1989
20.3 20.7
winteryear









15.9 16.7 17.0 16.3
Table 2.8: Precipitation at 8 gulf-region, climatic divisions, 1895 to 1989; all sea­
sons with precipitation differences significant at the .01 or .05 confidence level by 
the rank sum test. Confidence criteria, z-values, are adjusted to compensate for 
the multiple use of the test on one field. A blank indicates the parameter was not 
significant at either level. Divisions used, from east to west: Key West, St. Peters­
burg, Tallahassee, FI.; New Orleans, Lake Charles, La.; Houston, Corpus Christi,
Season
Average Total Precipitation (mm)
El Nino Non-El Nino La Nina Non-La Nina
K ey W est, FI, 1895-1989
winter+spring
winter





winter+spring 475 394 322 437
winter 219 164 129 190




N ew  O rleans, La, 1895-1989
winteryear 1338 1594
winter+spring 814 690 617 737
winter 424 345
Lake C harles, La, 1895-1989
winteryear 1680 1417 1326 1522
winter+spring 826 675




C orpus C h ris ti, T x, 1895-1989
winteryear 1031 819 744 903
winter+spring 491 380
winter 220 161







2.4 Som e Frontal-W ave C yclone C haracteristics: 
1960-89
2.4.1 Frontal-Wave Cyclone Location of Origin
As stated earlier, the location of origin is a best estimate, being the location of 
first appearance of a disturbance on the daily map. Figs. 2.25 and 2.26 show the 
locations of origin for winter, frontal-wave cyclones in El Nino and in non-El Nino 
years, respectively. Other seasons appear in appendix P. Latitude, longitude, and 
water depth or land elevation at these points were subjected to the rank sum test 
to look for El Nino and La Nina year biases. (Here the rank sum test was used 
on all individual storms’ latitude, longitude, and water depth or land elevation, 
rather than on seasonal means, giving greater sample size and more confidence in 
the results. T2-values were not needed as sample size was always greater than 30.) 
Tables 2.9 and 2.10 present results for latitude and longitude and for water depth 
or land elevation, respectively. A pairing of opposites is again evident. According 
to the rank sum test, in El Nino years, more winter storms form farther offshore, at 
lower latitudes and over deeper water than in all other years. In La Nina, years, more 
winter storms form closer to shore, over shallower water. Fig. 2.27 and 2.28 show 
the breakdown by water depth (or land elevation) of origin for storms in El Nino 
years and La Nina years, respectively. In Table 2.10, the average water depth listed 
is an average of positive, land elevations for coastal plain storms, and of negative, 
water depths for marine storms. No longitude difference was found in El Nino or 
La Nina years. In all years, the highest concentration of winter storms is found over 
the northwestern gulf, Figs. 2.25 and 2.26. This is corroborated by Petterssen’s 
(1956) finding of a local maximum in the frequency of winter cyclogenesis per 100 
000 mi2 (256 000 km2 when examining nearly the entire Northern Hemisphere, for 
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Figure 2.25: Storm locations, winter, 5 El Nino years, 1961-90.
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Figure 2.27: S to rm s/m onth , by w ater depth, 1960-89, El Nino vs o ther years. Bold num bers example: 41%
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Figure 2.28: Storm s/m onth, by water depth, 1960-89, La Nina vs other years. Bold numbers example: 39% 
of January storm s occur on the coastal plain in La Nina years.
2.4.2 Frontal-Wave Cyclone Lowest Central Pressure
As with the three location parameters above, the lowest central pressures attained 
while in the gulf region, as available from the daily weather map, were subjected 
to the rank sum test. In El Nino years, winter storms had a significantly lower 
central pressure (.05 confidence level) than in all other years. In La Nina years, 
winter-storm central pressure was higher, also significant at the .05 level. Table 2.11 
contains the pressure results. Figs. 2.29 and 2.30 show the distribution of lowest 
central pressure in El Nino and La Nina winters over the 30-year period. In El Nino 
winters there is a greater percent of storms in the category 1005 to 1010 mb than 
in non-El Nino winters. Similarly in La Nina winters there is a smaller percent of 
storms in the category 1005 to 1010 mb than in non-La Nina, winters. A central 
pressure of 1010 mb is a fairly strong frontal-wave cyclone in the gulf area.
2.5 Sum m ary o f Surface F indings
Table 2.12 summarizes the findings presented in this chapter. The emerging picture 
is of relatively cool, wet, stormy, El Nino winters with fewer cold fronts than in other 
years. Opposite conditions prevail in La Nina years, that is, winters are warmer, 
drier, less-stormy, and the number of cold fronts is either greater or the same as 
in other years. This seems counter-intuitive. If most winter storms in the gulf 
area form along fronts, one would expect their frequencies to parallel each other, 
not to be indirectly proportional (or even unrelated) as indicted here. Speculating, 
perhaps this can be understood if storm formation is favored by a ’rest period’ 
between frontal passages. During this time, a southerly flow of warm, moist air 
can be re-established, providing the necessary contrast in airmass characteristics 
when the next surge of cool, dry air arrives, so that storm formation is more likely, 
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Figure 2.30: Histograms of lowest central pressure in frontal-w ave cyclones, La Nina, other, and all winters, 
1961-90.
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Table 2.9: Average latitude and longitude of frontal-wave cyclones in El Nino and 
in La Nina years, 1680-89; results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Nino and non-El 
Nino years, and between La Nina and non-La Nina years. Latitudes and longitudes 
listed are those at the point where a storm was first observed on the weather map. 
Latitudes and longitudes were measured to the nearest half degree, therefore the 
averages listed are beyond the range of accuracy and are only for display. This is 
the closest point identifiable on 24-hour maps to the point of origin. The number 
of observations is the number of storms in each season, not the number of years 
analyzed, z-values are used to test significance since the number of observations is 
always greater than 30. Reject the null hypothesis at the a = .01 level if z > 2.575 
or z < —2.575. For a = .05, reject the null hypothesis if z > 1.960 or z < —1.960. 
Levels of significance are indicated by daggers, a  =  .01, double dagger; a  = .05,
E l N in o  V e r su s  N o n -E l N in o  Y ears
Average Average #  of
Latitude Longitude Storms
Season Tim e El Non z El Non z E l/N on
winteryear 1960-89 28.4 28.9 -2.615 t 91.0 91.0 0.110 68/193
wntr+sprng 1961-90 28.2 28.9 -2.818 f 91.4 91.6 -0.256 85/299
winter 1961-90 28.0 28.7 -2.455 j 91.6 92.0 -0.438 68/193
spring 1961-90 29.1 29.2 -0.196 91.0 90.7 -0.013 21/102
summer 1961-90 27.0 29.5 -1.746 82.2 88.0 -2.739 } 3 /35
fall 1960-89 28.4 29.0 -1.432 90.2 90.4 -0.058 26/76
L a N in a  V e r su s  N o n -L a  N in a  Y ears
Average Average # o f
Latitude Longitude Storms
Season Tim e La Non z La Non z L a/N on
winteryear 1960-89 29.0 28.7 1.134 91.2 91.0 0.309 111/413
wntr+sprng 1961-90 29.0 28.6 1.254 92.1 91.4 1.068 76/308
winter 1961-90 29.2 28.4 2.379 | 92.8 91.7 1.345 47/214
spring 1961-90 29.0 29.2 -0.056 91.1 90.6 0.649 42/81
summer 1961-90 28.3 29.5 -1.309 88.3 87.4 0.170 7/31
fall 1960-89 29.1 28.7 0.844 90.7 90.2 0.573 23/79
t  : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 2.10: Water depth or land elevation (m) of frontal-wave cyclones in El Nino 
and in La Nina years, 1960-89; results of the rank sum test, also known as the 
U-test, Wilcoxon test, or Mann-Whitney test, for differences between El Nino and 
non-El Nino years, and between La Nina and non-La Nina years. Water depths or 
land elevations listed are those at the point where a storm was first observed on the 
weather map. It is the closest point identifiable to the point of origin. The average 
water depth listed is an average of positive, land elevations for coastal plain storms, 
and of negative, water depths for marine storms. The number of observations is the 
number of storms in each season, not the number of years analyzed, z-values are 
used to test significance since the number of observations is always greater than 30. 
Reject the null hypothesis at the a  =  .01 level if z > 2.575 or z < —2.575. For a  
=  .05, reject the null hypothesis if z > 1.960 or z < —1.960. Levels of significance
--- ------------“~oor -...........  ! —------:oo_>
El N ino V ersus N on-E l N ino Years
Average Water Depth or 
Land Elevation (m) #  of Storms
Season Time El Nino Other z ElNiho Other
winteryear 1960-89 -701 -549 -1.370 84 440
winter-f-spring f 1961-90 -808 -549 -2.501 85 299
winter f 1961-90 -808 -589 -2.238 68 193
spring 1961-90 -845 -456 -0.316 21 102
summer 1961-90 17 -412 0.541 3 35
fall 1960-89 -680 -469 -1.333 26 76
La N ina  V ersus N on-L a N ina  Years
Average Water Depth or 
Land Elevation (m) #  of Storms
Season Time La Nina Other z LaNiha Other
winteryear 1960-89 -516 -594 1.002 137 387
winter+spring 1961-90 -572 -615 1.376 76 308
winter f 1961-90 -468 -685 2.417 47 214
spring 1961-90 -359 -607 1.150 42 81
summer 1961-90 -161 -427 -1.017 7 31
faU 1960-89 -395 -560 0.753 23 79
Notes:
J : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 2.11: Lowest central pressure (mb) in frontal-wave cyclones in El Nino and 
in La Nina years, 1960-89; results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Nino and non-El 
Nino years, and between La Nina and non-La Nina years. Pressures listed are av­
erages of the lowest central pressure observed on the weather map during a storm’s 
duration, usually occurring on the first day. The number of observations is the 
number of storms in each season, not the number of years analyzed, z-values are 
used to test significance since the number of observations is always greater than 30. 
Reject the null hypothesis at the a = .01 level if z > 2.575 or 2  < —2.575. For a 
= .05, reject the null hypothesis if z > 1.960 or z < —1.960. Levels of significance
— ~ -----. —------5 — —*■
El N ino V ersus N on-E l N ino Years
Average Lowest
Pressure(Std.Dev.) #  of Storms
Season Time El Nino Other z El Non
winteryear 1960-89 1009.9(5.1) 1010.7(4.9) -1.065 117 407
winter-f spring 1961-90 1009.2(5.5) 1010.7(5.0) -1.920 85 299
winter f 1961-90 1010.0(4.9) 1011.6(5.0) -2.082 68 193
spring 1961-90 1006.6(6.2) 1009.1(4.6) -1.694 21 102
summerf 1961-90 1004.3(2.2) 1012.4(3.6) -2.573 3 35
fall 1960-89 1011.1(3.8) 1010.3(4.2) 0.952 26 76
La N ina  V ersus N on-L a N ina  Y ears
Average Lowest
Pressure(Std.Dev.) #  of Storms
Season Time La Nina Other z La Non
winteryear f 1960-89 1011.4(5.0) 1010.3(4.9) 1.989 111 413
winter-)- spring 1961-90 1011.7(5.1) 1010.1(5.1) 2.217 76 308
winter f 1961-90 1012.8(5.4) 1010.9(4.9) 2.195 47 214
spring 1961-90 1009.5(4.5) 1008.2(5.1) 1.224 42 81
summer 1961-90 1011.1(3.8) 1011.9(4.3) -0.697 7 31
fall 1960-89 1009.7(5.0) 1010.7(3.9) -0.669 23 79
Notes:
f : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 2.12: Number of storms, cold fronts, hurricanes, and weather-type frequency, 
1960-89: summary of all parameters significant at the .01 or .05 confidence level. 
A blank indicates the parameter was not significant at either level.____________
El Nino La Nina
Value Conf. Value Conf. Time
F r o n ta l-W a v e  C y c lo n e  F r e q u e n c y Level Level
frontal-wave Cyclones/ winteryear High .05 Low .05 60-89
frontal-wave Cyclones/ winter-fspring Low .05 61-90
frontal-wave C yclones/w inter High .01 Low .01 61-90
F r o n ta l-W a v e  C y c lo n e  T ra its
Water Depth of O rigin/winter Deep .05 Less .05 61-90
Water Depth of O rigin/w inter+spring Deep .05 61-90
Lowest Central Pressure/winter Low .05 High .05 61-90
Lowest Central Pressure/winteryear High .05 60-89
Latitude of O rigin/winter South .05 North .05 61-90
Latitude of O rigin/w inter+spring South .01 61-90
Latitude o f Origin/winteryear South .01 60-89
Longitude o f Origin/sum m er East .01 61-90
C o ld -F ro n t F r e q u e n c y
Cold fronts/winteryear Low .01 60-89
Cold fronts / winter+spring Low .01 61-90
Cold fronts/w inter Low .05 61-90
W e a th e r -T y p e  F r e q u e n c y
Frontal Overrunning/winteryear High .05 Low .05 61-89
Frontal Overrunning/winter High .05 Low .05 62-90
Frontal G ulf Return/sum m er Low .05 61-90
Gulf Return/winter-fspring Low .05 62-90
G ulf Return/w inter Low .05 62-90
FrontalGulfReturn-f GulfReturn/wntr-fsprg Low .05 High .05 62-90
Front alG ulfReturn+G ulfReturn/winter Low .05 62-90
Front alG ulfReturn+G ulfR eturn/spring Low .05 62-90
Gulf H igh/sum m er High .01 61-90
H u r r ic a n e  F r e q u en cy
Hurricanes entering gulf/winteryear Low .01
C H A PTER  3 
U PPE R -A IR  ANALYSES
3.1 D ata  and A n alyses
This and the next chapter contain results from analyses of wind velocity at the 850- 
and 250-mb levels from 1967 or 1966 to 1989. The data comes from a compilation of 
NMC data, as archived at the National Center for Atmospheric Research in Boulder 
Colorado. The data compiled has been put on a CD-ROM by the Department of 
Atmospheric Sciences at the University of Washington, Seattle, and it covers most 
of the Northern Hemisphere (Department of Atmospheric Sciences 1990; Mass et 
al. 1987; Jenne and Spangler 1975). The bulk of the data comes from NMC 
final analyses with infill from operational analyses, Air Force and Navy sources, 
and from special projects. All data is gridded on a 1977-point, octagonal grid. 
This is superimposed on a north-polar stereographic projection of the Northern 
Hemisphere, true at 60°N. Most of the tropics are not covered; the grid stops at 
approximately 15°N. Grid spacing at 20°N is 274 km (170 mi) and at 60°N it is 
381 km (240 mi). Grid-to-latitude and longitude coordinate transformations were 
done following Jenne (1970). For this work 621 grid points were used, covering 
most of North and Central America and flanking parts of the Atlantic and Pacific 
Oceans. A no-data zone appears in the lower left corner of all maps; this is outside 
of the grid. Topographic information is from the E T 0 P 0 5  data set of digital 
elevation and bathymetry, available from the National Geophysical Data Center 
(1988) in Boulder, Colorado. Elevation and bathymetry are given every five minutes 
of latitude and longitude to a precision of one meter.
NMC final analyses used are prepared twice daily, at 0000 UTC and 1200 UTC, 
or 6:00 PM Central Standard Time (CST) and 6:00 AM CST, local time in most of
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the Gulf of Mexico area. A final analysis is now defined. A continuous chain of two 
products, analyses and forecasts is run. To make an analysis, the starting point is 
the last-made forecast. The forecast is updated and corrected through the addition 
of real observations of conditions at map time, and up to three and a half hours 
later. An objective-analysis scheme is used to blend the new observations and the 
forecast values. Objective-analysis schemes allow many different kinds of data from 
many different sources and places to be objectively evaluated, weighted, and meshed 
together coherently. These programs also interpolate irregularly-spaced data onto 
a regular grid. The updated and corrected map is called the final analysis for that 
map time. It is their best estimate of conditions at map time. After this, the fore­
cast is made using the final analysis as the starting point. This forecast will be the 
starting point for the next analysis, and so on. For every separate parameter, there 
are separate final analyses and forecasts, although many parameters are used in 
making all analyses and forecasts. Since 1976, final analyses are actually done ev­
ery six hours (Cooley 1976), although the University of Washington data uses only 
0000 UTC and 1200 UTC analyses. Further, the methods of checking and correct­
ing data, the objective-analysis programs and the forecast programs have evolved 
continuously throughout the time span covered by the data. A good description of 
these, as they stood in 1979, may be found in a National Weather Service forecast­
ing handbook (National Weather Service 1979). The discussion is more relevant to 
the data used here than would be a discussion of the latest techniques. Ongoing 
changes can presently be found in a quarterly, performance summary (National 
Meteorological Center 1988-89).
Of the data used, only the 250-mb wind data is in twice-daily form. The remain­
der used is in the form of monthly averages constructed from twice-daily observa­
tions. Seasonal averages constructed by the author of 250-mb wind use both 0000
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UTC and 1200 UTC times to match the monthly averages already constructed. All 
data sets are reasonably complete. The most missing data occurs in the 250-mb 
wind data, no doubt due to a difficult collection environment. Over an 8835.5-day 
span covering 17 671 sets of measurements (two per day), 887 sets of observations 
are missing, about 15 months. In many cases, however, there is at least one obser­
vation per day. The largest total gap is 66 days, 1 January to 7 March 1970, which 
is not part of an El Nino or La Nina event.
Quantities calculated from the wind data are horizontal divergence and relative 
vorticity. Horizontal divergence was calculated in order to test the hypothesis that 
the increase in the number of storms in El Nino winters is caused by stronger, or 
more frequent, upper-level divergence (due to the jet stream being over the area 
more often) and correspondingly increased, compensating, lower-level convergence. 
The upper-level divergence is posed as the cause, and the lower-level convergence 
and storms are posed as the effects.
Horizontal divergence is a measure of the tendency of a three-dimensional flow 
either to spread horizontally and contract vertically (positive divergence), or to 
shrink horizontally and stretch vertically (negative divergence, called convergence). 
Nonzero horizontal divergence implies vertical motion. It is the dot product of the 
wind vector and the del operator. At or near the surface of the earth, negative 
divergence (convergence) implies ascending air. In storms, air is lifted, cooled, 
and precipitation results; storms are areas of surface convergence. Areas of high 
pressure at or near the surface of the earth are beneath areas where air is descending. 
Regions of high pressure are areas of positive divergence. At upper and intermediate 
levels of the atmosphere, where there is no solid lower boundary, convergence and 
divergence may each result in air ascending or descending from a particular level. 
Saucier (1955) presents 12 possibilities. As a general rule, horizontal convergence
near the surface of the earth is accompanied by divergence aloft and vice versa 
(Saucier 1955). The compensating increase in lower-level convergence, in response 
to increased upper-level divergence, occurs to conserve mass. In the vertical, mass is 
conserved through the presence of alternating, compensating layers of convergence 
and divergence, so that the sum in the vertical is zero. This has been called Dines’ 
compensation (Petterssen 1956).
Divergence and relative vorticity were calculated using the simplest method, the 
so-called kinematic method, in which each is calculated directly from the observed 
wind. More sophisticated forms such as the omega and vorticity equations (Holton 
1979) would have required either more data or more assumptions. The following 
formulas are from Holton’s book (1979) but can be found in all beginning, dynamic- 
meteorology texts.
du dv
Horizontal  divergence =  D =  —— -f —  (3.1)
ox dy
u and v are the components of the wind vector in the x and y directions. The 
finite-difference approximation is used to calculate divergence at each point, (x,y).
_ u (x 0 + d ) -  u{xo -  d) t v(y0 + d) -  v(y0 -  d) tn
~  Yd +  2d (3'2)
d is the distance between grid points.
By definition, the geostrophic wind is nondivergent. Following is a demonstra­
tion of this, starting from the equations of geostrophic equilibrium, adapted from 
Pond and Pickard (1978). Where
/  = Coriolisparameter — 2f2sin (j>, fi = ra teo f  Earth'srotation, (f) = latitude 
a = i  „ = density
p  =  pressure
x , y  — Cartes ian coordinates
The equations of geostrophic equilibrium are
- f v  = - a | £  (3.3)
,  dpf u  = - a -
. Differentiate both sides of each equation.
. dv d 2p
=  - a -dy dxdy
du d 2p
f i r  = ~a~dx  dxdy
Subtract the the second equation from the first.
. dv du _  d 2p d 2p
dy dx dxdy  dxdy
du dv
f(di +  8$ ~
Since f is not zero except at the equator, the divergence (the quantity in parentheses) 
is zero.
°  < 3 -4 >
<3-5>
At midlatitudes and on the synoptic scale, the horizontal wind is almost geostrophic. 
To the extent that it isn’t, horizontal divergence is nonzero. A nonzero horizontal
divergence implies vertical motion, ascending or descending air, and so is a good 
indicator of weather conditions. Causes of ageostrophic motion include friction, 
advection, and convection. Accelerated flows are ageostrophic. For example, in 
places the high-speed core of a jet stream is accelerated. There the divergence is 
nonzero. There actually are regions of ascending and descending air associated 
with a strong jet (Sechrist and Whittaker 1979). This was confirmed by study of 
the rapid transport around the earth of radioactive debris at stratospheric levels 
(Reiter 1978).
As a parallel test, the relative vorticity at both levels was calculated. Anti- 
cyclonic motion is one way to achieve positive horizontal divergence and cyclonic 
motion is one way to achieve horizontal convergence. Divergence and convergence 
may be due to other or a combination of other factors. (Positive divergence can 
result from velocity increase or streamline spreading. Convergence, negative diver­
gence, can result from velocity decrease or streamlines coming together.) Relative 
vorticity is the vertical component of the cross product of the wind vector and the 
del operator. It is a measure of the tendency of a force (the horizontal wind) to 
produce a rotation about an axis perpendicular to the plane of the force, in this 
case a vertical axis. According to the ’right-hand rule’, with positive (cyclonic, or 
counterclockwise in the Northern Hemisphere) relative vorticity, the vertical com­
ponent (the thumb) points upward, implying upward motion. In storms, cyclonic 
circulation is accompanied by ascending air at the center. With negative relative 
vorticity (anticyclonic, or clockwise motion in the Northern Hemisphere) the ver­
tical component points downward, implying descending motion. Based on this, 
it was hypothesized that in El Nino winters the average 850-mb relative vorticity 
would be more cyclonic (positive) than in non-El Nino winters. Relative vortic­
ity at the 250-mb level was expected to be more cyclonic, not anticyclonic, even
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though the upper-level was expected to be more divergent. The cyclonic vorticity 
was expected to derive from the presence of upper-level troughs behind the 250-mb 
level jet stream, as explained in 3.8.
From Holton (1979), the relative vorticity is 
_ _ , . . dv du
Relative vorticity =  r =  —  — ——. (3.6)
ox oy
In fxnite-difference form, relative vorticity at a point is
 ̂  ̂ v (x0 +  d) -  v (x 0 -  d) , u(y0 +  d) -  u(y0 -  d) /o ^
---------------- ^  + Yd ' (3'7)
Seasonal average values of divergence calculated are of order of magnitude 10-6sec_1. 
Values of this magnitude are characteristic of planetary waves (Petterssen 1956). 
For comparison, tornadoes probably possess the highest values of divergence, of 
order of magnitude 10-4sec_1. The method of calculating horizontal divergence is 
sensitive to observational errors because the differences used are small. The small 
differences occur because the horizontal wind is almost in geostrophic balance, (3.5) 
and almost cancel. In constructing seasonal averages for four years, the
fewest years in any composite, with 90 days per season and 2 observations per day, 
4x90x2 - 720 observations per point, random observational errors may reasonably 
be expected to cancel. Systematic observational errors, to the extent possible, have 
been eliminated in the NMC analyses. Nevertheless, both divergence and relative- 
vorticity maps should not be taken as exact, but should be allowed some margin of 
uncertainty.
3.2 W inter, 850-m b W ind Field: 1967-1989
3.2.1 General Circulation of the 850-mb W ind Field: El 
Nino W inters
The comments below and in the next section refer to Figs. 3.1 and 3.2, composites 
of the 850-mb wind field for the four El Nino winters and for the 19 non-El Nino 
winters, respectively, between 1967 and 1989. The 850-mb level, about 1500 m (5000 
ft), is representative of surface winds, minus local effects. The plotting convention 
is such that arrows fly with the wind. The shafts have a dot at the base. The 
head is omitted. The major features of this circulation, in El Nino winters, are 
enumerated below. Following these are first, a discussion of the El Nino-winter, 850- 
mb circulation over the Gulf of Mexico, and second, a discussion of the differences 
between El Nino and non-El Nino winter circulations.
1. A large, anticyclonic cell is situated over the eastern Pacific Ocean centered 
at 25°N, 135°W, the Pacific subtropical high.
2. A belt of easterly trade winds south of 23.5°N extends from the western 
Atlantic Ocean across Central America and into the eastern Pacific, where 
these join the south limb of the anticyclone.
3. A belt of westerly winds extends from north of Hawaii in the Pacific toward 
the North American west coast. Maximum average wind speeds are 14 ms-1 
(28 kt). Upon encountering the North American landmass, the westerlies 
are deflected to the north and south. Most of the flow is steered northward, 
deflected by the Rocky Mountains, crossing the northern Rockies, which are 
not as high as the southern Rockies. Wind speeds are diminished by the 
passage. Once past the mountains, the northwest winds curve south again, 
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America. The steep, south bend in the wind’s trajectory is due to the con­
servation of potential vorticity. After crossing the Rockies, the flow depth 
increases and causes potential vorticity to decrease. The flow turns south, 
curving cyclonicly, conserving potential vorticity by adding positive relative 
vorticity. Once past the east coast of North America, wind speed increases 
again to 10 ms-1 (20 kt) and the direction is due west. Some of the west wind 
incident at the North American west coast is deflected southward, down the 
California and Mexico coasts, eventually joining the anticyclonic circulation 
around the Pacific subtropical high.
.2.2 Gulf of Mexico: 850-mb W ind Field, El Nino W in­
ters
1. The large-scale, average circulation over the Gulf of Mexico in winter is 
roughly anticyclonic, although it is not closed on the east end. The three 
limbs of the circulation that are present are first, the east trades south of 
23.5°N, second, south winds along the western gulf coast, and last, south- 
westerlies along the north coast. The deep, central gulf has light, southwest 
winds. South winds along the western shelf of the gulf appear to be the result 
of northward deflection of the easterly trades by the Sierra Madre Orientals 
of the Mexican landmass. The mountains here are 1000 to 2000 m (3820 to 
6560 ft) high, and the 850-mb level is about 1500 m (4920 ft) in elevation, 
so they are capable of acting as a barrier, at least at the 850-mb level and 
below.
2. Over the Gulf of Mexico, Caribbean Sea, and west Atlantic, the transition 
from the northernmost easterly trades to the southernmost westerlies occurs 
at about 23.5°N in winter, along an east-trending line dividing the southern
third of the Gulf, largely the Bay of Campeche and the Straits of Yucatan, 
from the northern two-thirds. Winds in the south are lighter than in the 
northern gulf, 2.5 ms-1 (5 kt) from the east and southeast. The northern 
two-thirds of the gulf and adjacent coastal plain has average winter winds 
from the southwest and west at 2.5 to 5 ms-1 (5 to 10 kt). The central- 
western gulf, from Brownsville, Texas to Tampico, Mexico, has light, south 
winds from the coast out to 3000 m (9850 ft) water depth.
3.2.3 Interpretation of W ind-Difference Maps
This section refers to a class of composite maps derived from other seasonal com­
posites, such as Figs. 3.1 and 3.2 of the 850-mb wind field. They will be called 
’difference maps’, because they are produced by subtracting one map from another, 
point-by-point. For example, the wind-difference map, Fig. 3.3, is produced by sub­
tracting, componentwise, the average non-El Nino-winter wind from the average El 
Nino-winter wind at each point. In this case, the magnitude of the wind-difference 
vectors is arbitrarily multiplied by four, relative to the source maps, for ease of 
reading. The speed contours, however, show true magnitude. Other workers (Held 
et al. 1989) have used a similar, simple difference of the composites of several El 
Nino seasons and several non-El Nino seasons.
It should be emphasized that the vector wind differences are the differences, at 
each point, between the seasonal average winds in El Nino winters and the seasonal 
average winds in non-El Nino winters. Because they are the differences of average 
winds, it is not generally possible to say with certainty exactly how the winds 
vary between winter type. For example, a west difference, or west residue, (the 
two words will be used interchangeably) may be the result of stronger, or more 
frequent westerlies in El Nino winters, and/or it may be the result of weaker or less
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Figure 3.3: 850-m b wind vectors, winter, 1967-89, difference. oro
frequent easterlies in El Nino winters. Several possibilites exist unless a simplifying 
assumption can be made. If it is justified to assume that the all winds in both winter 
types are nearly always from the same direction, as in the case of the 250-mb, winter 
westerlies, or to a lesser extent, for the 850-mb westerlies and tropical easterlies, 
then the interpretation of the difference is more constrained. For example, in the 
250-mb westerlies, a west-difference vector can safely be interpreted to result from 
stronger westerlies in El Nino winters. For west wind, (u>0, v=0) if UEimno — +6 
and UNon-ElNino = +4,
‘U'dif ference = ^ElNiho 'U’Non—ElNino (3.8)
'U'dif /erence == “HO -f"4 =  -f-2,
a west difference. The order of subtraction was deliberately selected so that positive 
values indicate an excess in El Nino years, while negative values indicate a deficit.
In the more general case, where it is likely that the average wind is composed 
of several directions of varying frequency, the simplifying assumption is not justi­
fied and a physical reason is needed to select from the possibilities listed earlier. 
Table 3.1 shows a quick guide to wind-residue interpretation.
There is no frequency weighting in the source wind vectors. For example, one 
observation of 10 ms-1 north wind counts as much in the final average as two 
observations of 5 ms-1 south winds. Therefore, a few large events could greatly 
influence the final average. This is justifiable on the basis that major events should 
hold more sway in the final result because of their disproportionately large physical 
influence.
These simple differences, or residues, are not anomalies. Anomalies are con­
structed by subtracting, for example, a 30-year, winter mean from, for example, a
Table 3.1: Wind-difference (or wind-residue) interpretation chart. Order of sub- 
tractionJs El Nino minus other.____________________________________________
Observe: SO U T H  W IN D  D IF F E R E N C E
If Assume: Always south wind Always north wind
Difference South wind excess North wind deficit
Due to:
Observe. N O R T H  W IN D  D IF F E R E N C E
If Assume: Always north wind Always south wind 
Difference North wind excess South wind deficit
Due to:
Observe: W E S T  W IN D  D IF F E R E N C E
If Assume: Always west wind Always east wind






E A ST  W IN D  D IF F E R E N C E
Always east wind 
East wind excess
Always west wind 
West wind deficit
Observe: A N T IC Y C L O N IC  D IF F E R E N C E
If Assume: Always anticyclonic Always cyclonic






C Y C L O N IC  D IF F E R E N C E
Always cyclonic Always anticyclonic
Cyclonic excess Anticyclonic deficit
North and south wind 
More or stronger 
southerlies 
and/ or
Fewer or weaker 
northerlies
North and south wind 
More or stronger 
northerlies 
and/or
Fewer or weaker 
southerlies
West and east wind 
More or stronger 
westerlies 
and/or
Fewer or weaker 
easterlies
West and east wind 
More or stronger 
easterlies 
and/or
Fewer or weaker 
westerlies
Combination 
More or stronger 
anticyclonic 
circ. and/or 











mean of five El Nino winters, to obtain the El Nino-winter anomaly. The differences 
described above were used rather than standard anomalies in an attem pt to amplify 
the differences between El Nino winters and all other winters. Using the anomaly 
technique, the four El Nino winters would be included in the 23-year average to be 
subtracted from the four-year, El Nino-winter average, diluting the results.
3.2.4 Differences in the 850-mb W ind Field between El 
Nino and Non-El Nino W inters
The following comments refer primarily to Fig. 3.3, a vector plot of the difference 
between the 850-mb wind field in the four El Nino and in the 19 non-El Nino winters 
from 1967 to 1989.
3.2.4.1 General-Circulation Differences in the 850-mb W ind Field be­
tween El Nino and Non-El N ino W inters
The largest difference in the area mapped (Fig. 3.3) is in the zone of strengthened 
westerlies over the northeast Pacific. In El Nino winters these westerlies are 2.5 to 
5 ms-1 (5 to 10 kt) stronger than in non-El Nino winters. The strengthening is 
caused by an increased pressure gradient from south to north between the Pacific 
subtropical high and the Aleutian low. In the winter average, the Aleutian low 
is deepened by up to five millibars in El Nino winters, being 998.9 mb compared 
with an average 1004 mb in non-El Nino winters. Several workers have reported 
this intensification of the Aleutian low, including Bjerknes (1972) reporting on the 
1964/65 Pacific equatorial warming, Horel and Wallace (1981), and Rasmussen 
(1991). Figs. 3.4 and 3.5 show the composite, mean sea-level pressure field in eight 
El Nino winters and in 35 non-El Nino winters from 1947 to 1989. Fig. 3.6 shows 
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Figure 3.6: Mean sea—level pressure, winter, 1947-89, difference.
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non-El Nino winters’ average sea-level pressure from El Nino winters’ average sea- 
level pressure. Done this way, a negative difference indicates lower average pressure 
in El Nino winters and a positive difference indicates higher average pressure in El 
Nino winters. The increased southerly component of the winds immediately east- 
adjacent to the stronger, northeast Pacific westerlies, those just off the Canadian 
Pacific coast, may be attributed to increased inward turning toward the center of 
the Aleutian low. Since the wind speed is greater, the Coriolis and the frictional 
accelerations must be proportionately greater, putting more curvature into the 
trajectory.
The remaining differences in the 850-mb wind are smaller, of magnitude less 
than 2.5 m s '1 (5 kt). Important circulation differences may exist, however, masked 
in the averages. A list of those differences follows.
1. There is anticyclonic residue in the Pacific, centered on 20°N and ranging from 
120°W to the map edge at 160°W, indicating intensified circulation around 
the Pacific subtropical high during El Nino winters. A smaller, anticyclonic 
residue exists off the Pacific Central American coast in the easterly trades.
2. Winds over the southwest part of the Atlantic shown have an added, southerly 
component in El Nino winters. South of Cuba, in the northwest Caribbean, 
there is also an increased flow from the south, but also a slightly decreased 
easterly component, as indicated by the southwest residues. In the trade wind 
belt, east and south of Haiti and the Dominican Republic, El Nino-winter 
winds are from slightly south of east, while in other winters they are directly 
from the east. The increased southerly component in El Nino winters may be 
at least partially due to an eastward-shifted (or possibly west-side-truncated) 
Bermuda high in El Nino winters. Comparing Figs. 3.4 and 3.5, the 1020 mb 
contour reaches as far west as 63°W in non-El Nino winters, but only to 53°W
in El Nino winters. This apparent, east shift in El Nino winters places this 
region of the Atlantic under the far west limb of the high in El Nino winters, 
where outward-flowing winds curve around from the southeast, as opposed to 
a more central position in non-El Nino winters, where outward-flowing winds 
are coming from the east. The effect of this increased flow from the south in 
El Nino winters must be to transport more warm, moist air from the tropical 
Atlantic and Caribbean into the Gulf of Mexico area over the Florida Straits 
and the islands of Cuba and Haiti/Dominican Republic, thus conditioning 
the region for increased cyclogenesis in El Nino winters. It was stated above 
that the position of the Bermuda high is perhaps only a partial explanation 
for the increased south component of the wind in El Nino winters because 
the high is equally east-shifted in El Nino springs as opposed to non-El Nino 
springs, appendix A. However, the 850-mb wind differences in El Nino springs 
are sharply different from those in winter and show little south residue, Fig. 
4.34.
3. Southernmost Mexico and the Yucatan show west and northwest residue, indi­
cating a weakening of the easterlies here at their northernmost limit. Further 
south, in the Pacific west of southern Mexico, Guatemala, and El Salvador, 
the weakening is no longer present, being replaced by a slight strengthening 
of the easterlies.
4. A wide area of cyclonic residue is centered on the Pacific Baja coast. This may 
be a reflection, or cause, of the increased storminess in southern California in 
El Nino winters (Lau and Sheu 1991). Two other, smaller areas of cyclonic 
residue are found off the east coast of Florida and over the Grand Banks.
3.2.4.2 G ulf of M exico: Differences in the 850-mb W ind Field between  
El Nino and Non-El Nino W inters
The following comments refer again to Fig. 3.3, the 850-mb wind-difference field 
for the four El Nino winters and 19 non-El Nino winters between 1967 and 1989.
1. From 30° to 40°N over the southeastern United States and over much of the 
eastern seaboard, there is a zone of weakened westerlies in El Nino winters. 
This is indicated by the east residue. The weakening of the westerlies in this 
area may be explained by a slightly decreased pressure gradient from south to 
north in this region in El Nino winters. Fig. 3.6 shows that average sea-level 
pressure is lower by 1 mb, over the southeastern United States during El Nino 
winters. Contributing to the decreased south to north pressure gradient in this 
region is the previously-mentioned, apparent, eastward shift in the Bermuda 
high in El Nino winters, lowering the highest pressures in the southeastern 
United States somewhat. The average strength of the center of the Icelandic 
low is the same in both types of winter, 1000 mb, although during El Nino 
winters, average sea-level pressure over the Labrador Sea and Davis Strait is 
higher by 1.4 mb. This contributes to the weakening of the south to north 
pressure gradient. One possible consequence for the Gulf of Mexico area of 
weakened westerlies across the southern states may be a decreased transport 
of relatively cold, dry air from the west, except during cold-air outbreaks. 
This would tend to preserve the heat and moisture content of gulf air between 
cold-front passages by virtue of less interim dilution. This would make for 
greater contrast in airmass characteristics when the next cold front arrives, 
increasing the likelihood of storm formation, all other things being equal.
2. The western half of the Gulf of Mexico and the Bay of Campeche area have a 
northerly residue in an average southerly flow. This is either due to less fre­
quent or weaker southerlies, and/or to more frequent or stronger northerlies. 
If the latter is true, and stronger northerlies are seen in the El Nino winters, 
then the observation of fewer cold fronts in El Nino winters may now be ac­
companied by the hypothesis that, though they are fewer, some of the cold-air 
outbreaks are stronger in El Nino winters. This accomodates the other possi­
bility, that of more frequent northerlies, because after a strong cold front, the 
wind will be out of the north longer. This postulated strengthening of some 
cold-air outbreaks is consistent with the observation of more winter storms 
in El Nino years if storm formation is more likely the greater the contrast 
between incoming cold, dry air and ambient, warm, moist air. During the El 
Nino winter of December 1982 to February 1983 the gulf region experienced 
several intense cold-air outbreaks. Data on cold fronts during the winter year, 
1982 (1 September 1982 to 31 August 1983), appears in appendix T. Addi­
tionally, stronger cold fronts can be expected to advance farther south before 
becoming stationary and possibly returning as a warm front. Supporting this 
is the observation that there are more deep-water storms in El Nino winters, 
significant at the .05 level by the rank sum test, Table 2.10. Fig. 2.27 shows 
a higher percentage of slope, 200 to 3000 m (650 to 9850 ft), and abyssal, 
greater than 3000 m (9850 ft), storms in El Nino winters. 33% of December 
storms during the five El Nino winters from 1960 to 1989 occurred on the slope 
as opposed to 29% of December storms occurring on the slope in the other 
25 winters of the same time period. The comparable percents for January 
and February are: 41% and 33% of storms originate on the slope in El Nino 
winters as opposed to 37% and 26% in non-El Nino Januarys and Februarys. 
Although the absolute number of storms over abyssal water depths is small,
the percents show the same trend. For December, January, and February, 
the percents of abyssal storms in El Nino winters are 10%, 10%, and 6%, as 
opposed to 2%, 7%, and 5% in non-El Nino winters.
3. It is intriguing that the northerly residue discussed above is confined to the 
area over the western gulf. This could imply the existence of a preferred 
channel for north winds behind a front. At the 850-mb level (and at the 
surface) the trajectory of the north wind is restricted by high topography from 
spreading westward. A physical eastern boundary, however, is not obvious. 
Simple, westward turning of the north wind, due to the Coriolis effect, may 
provide sufficient ’confinement’ on the east. This concept is discussed further 
in 3.3.2, below.
4. There is weak cyclonic residue over the Gulf of Mexico in El Nino winters 
west of 85°W. This may either result from, or contribute to, more-frequent 
cyclogenesis in El Nino winters than in non-El Nino winters. Over the gulf, 
circulation is weakly anticyclonic in both winter types, but less so in El Nino 
winters, Figs. 3.1 and 3.2.
5. The southeast corner of the gulf region shows added, south wind and di­
minished easterlies, likely caused by the eastward shift of the Bermuda high, 
discussed above.
6. 850-mb circulation over the deep, central Gulf of Mexico is the same in both 
winter types. It is a calm zone of wind reversal along an east-west line fol­
lowing the Tropic of Cancer. Winds are from the southeast on the south side, 
and from the southwest on the north side.
114
3.3 W inter, 850-m b D ivergence: 1967-1989
3.3.1 General Circulation: 850-mb Divergence, El Nino
W inters
The following comments and those in the next section refer to Figs. 3.7 and 3.8, 
composites of the 850-mb divergence field for the four El Nino winters and for the 
19 non-El Nino winters, respectively, between 1967 and 1989.
1. The North American continent in winter is largely divergent, indicating cold, 
descending air.
2. The strongly divergent zone over the Colorado Plateau corresponds to a sea- 
level pressure high, Fig. 3.4.
3. The divergent area of the Pacific Ocean is under the Pacific subtropical high 
pressure cell. Anticyclonic circulation is visible on the 850-mb, vector wind 
map, Fig. 3.1, although only the east half of the area of anticyclonic cir­
culation is divergent. The divergent area of the Pacific may also be due to 
cool water, perhaps of upwelling origin. This area may be too far north for 
upwelhng diminishment in El Nino winters.
4. The area of the Atlantic Ocean mapped is generally convergent, while the 
area of the Pacific flanking the southern United States and Mexico is generally 
divergent. In winter, the eastern portion of the Atlantic which is closest to 
the southeastern United States is generally a few degrees warmer than the 
Pacific off California and Mexico, as shown by maps of Equatorial Pacific 
Ocean Climate Studies (EPOCS) data (Sadler et al. 1987). The convergence 
over the Atlantic may be due to warm water and rising air.
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Figure 3.8: 850-m b divergence, winter, non-E l Nino years, 1967-89.
5. The convergent area of the northern Pacific is partly under the Aleutian low. 
Another reason for the convergence here may be the decrease in the 850-mb, 
westerly wind speed from 12.5 to 5 ms-1 (25 to 10 kt) upon approaching the 
North American coast.
6. Except for the Pacific under the Pacific subtropical high, the atmosphere 
over the ocean areas south of about 20°N is convergent, roughly marking the 
equatorial convergence zone.
7. The Great Lakes region is a zone of convergence, owing to the relatively warm 
water of the lakes, compared to land temperatures.
8. The Bermuda Rise, water depth 0 to 5000 m (16 400 ft), is a divergent patch 
in a generally convergent Atlantic. This may be due to the shallower, and 
thus more rapidly chilled, water on the platform.
9. To the east of the Canadian Rockies, over Alberta, the 850-mb level is conver­
gent. This fits well with the observation that storms (called Alberta clippers) 
traveling from west to east often reform in the lee of the Rockies, after having 
previously decayed in the west.
.3.2 G ulf o f Mexico: 850-mb Divergence, El Nino W in­
ters
1. The eastern two-thirds of the Gulf of Mexico, the Mississippi Embayment, 
the upper gulf coast, and the southeastern and mid-Atlantic coastal plains of 
the United States are convergent at the 850-mb level. Nearly all of the coastal 
plain takes on the same low-level convergence as adjacent marine areas.
2. A continuous, curvilinear band of convergence exists over the mountains of 
Mexico, the Sierra Madre Orientals and the Sierra Madre Occidentals, and
extends northward up over the southern Rocky Mountains and the Great 
Plains. The outer edge of the convergence zone corresponds closely to the 
1000 m (3280 ft) elevation contour. The maximum height of these mountains 
is at least 2000 m (6550 ft), but less than 3000 m (9850 ft), placing their crest 
above the 850-mb level, 1500 m (4900 ft), but well below the westward, 500- 
mb flow at 5500 m (18 000 ft). South of about 20°N, the convergence over the 
mountains may be due to rising air of the easterly trade winds orographically 
lifted from east to west. North of 20°N latitude, the convergence may be due 
to orographic lifting of the westerlies from west to east. The strongest area 
of convergence is located south of 30°N. Additionally, south of 30°N, these 
mountains are asymmetric, being steeper on the western flank. Strongest 
convergence is, however, seen on the gentler, east-facing slope, downhill from 
2000 m (6550 ft) elevation.
3. The western third of the Gulf of Mexico is under a tongue of divergence 
stretching from the North American continent down south to the Yucatan 
Peninsula. The wind-vector map of El Nino winters, Fig. 3.1, shows weak 
anticyclonic circulation, less than 2.5 ms-1 (5 kt), over the western gulf. As 
previously noted, Fig. 3.3, the wind-difference map, shows a north residue 
over the western gulf. As noted above, during the cold-front season, November 
to April, this may represent a preferred channel for the southward flow of cold, 
continental air accompanying the passage of a cold front, with the mountains 
to the west may forming a barrier to westward spreading of the cold air. The 
easterly trades and westward, Coriolis turning of the north wind would tend 
to inhibit eastward spreading of cold air. The foregoing is in agreement with 
the cold-air damming idea discussed by Lewis and Hsu (1992) and mentioned 
briefly by Cotton (1990), both in reference to the Sierra Madre Orientals, and
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is similar to the cold-air damming reported east of the Appalachian Mountains 
by Bell and Bosart (1988). This western Gulf of Mexico divergence cell is 
present in all seasons however, and in El Nino and other years, although 
its strength and position vary somewhat. (Seasonal divergence maps appear 
in appendix E.) At least a partial explanation for its presence in the warm 
season may involve the fetch available to the east trades. In crossing the 
Gulf of Mexico, the trades may pick up speed. An increase in speed, if not 
accompanied by confluence, is a way to achieve a pattern of mass divergence. 
Summer, 850-mb wind-vector maps do show a strengthening of southeasterly 
winds, traveling from east to west. These southeast winds appear to be due 
to deflection northward of the easterly trades as they approach the Mexican 
landmass. (Seasonal, 850-mb wind maps are in appendix C.)
3.3.3 Differences in the 850-mb Divergence Field between  
El Nino and Non-El Nino W inters
3.3.3.1 General Circulation: Differences in the 850-mb Divergence Field 
in Non-El N ino W inters
The comments in this and the next section refer primarily to Fig. 3.9, a difference 
map of the divergence field for the four El Nino and the 19 non-El Nino winters 
between 1967 and 1989. Secondary reference is made to Figs. 3.7 and 3.8, compos­
ites of the 850-mb divergence field for the four El Nino winters and the 19 non-El 
Nino winters. In Fig. 3.9, points that are more convergent (have a smaller or more 
negative value of divergence) in El Nino winters are labeled ’C’. These areas may 
still, in the average, be divergent in both types of winter. They are, however, less 
divergent (more convergent) in El Nino winters. A negative result, when subtract­
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Figure 3.9: 850—mb divergence, winter, 1967—89, difference.
121
or weaker episodes of actually positive divergence in El Nino winters, and/or more 
or stronger episodes of convergence in El Nino winters.
1. In El Nino winters much of the North American continent is a little less 
divergent, as indicated by the wide areas of negative (convergent) residue. 
The Canadian and Northern Rockies and northern Appalachians are, however, 
somewhat more divergent.
2. The atmosphere over the western Atlantic Ocean is more convergent in El 
Nino winters, indicated by the negative (convergent) difference in Fig. 3.9. 
At the 850-mb level, south of 30DN, the temperature is .2 to .6°C warmer in 
El Nino winters, Fig. 4.19.
3. Over the portion of the northeastern Pacific mapped, the atmosphere is gen­
erally more convergent in El Nino winters. The patch of convergence in the 
Pacific Ocean off of Central America, south of 15°N, is larger in El Nino win­
ters than in non-El Nino winters, Figs. 3.7 and 3.8. In El Nino winters, this 
patch may indicate the northernmost extent of the anomalously warm water 
known to occur in the eastern Pacific in El Nino winters (Deser and Wallace 
1990).
3.3.3.2 G ulf of M exico Differences in the 850-mb Divergence Field be­
tween El Nino and Non-El N ino W inters
1. The 850-mb level atmosphere over the eastern Gulf of Mexico and surrounding 
Atlantic and Caribbean is more convergent in El Nino winters. The atmo­
sphere over the entire coastal plain is more convergent, except over Texas. 
Over much of the western gulf, however, the 850-mb level atmosphere is 
weakly more divergent in El Nino winters.
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2. In El Nino winters the north-south curvilinear zone of convergence over the 
mountains of Mexico is more continuous than in non-El Nino winters, when 
there is a gap over Texas and the southwestern United States.
3. In El Nino winters there is more north-south linearity in the divergence field 
in the area south of 30°N over the Gulf of Mexico and Mexico. The pattern is 
one of alternating belts of convergence and divergence and is less pronounced 
in non-El Nino winters. Perhaps the meridional character in El Nino years is 
allowed to develop due to the weakened westerlies across the southern Unites 
States and the somewhat relaxed easterly trades over the southeastern gulf, 
the northwestern Caribbean south of Cuba, and over Yucatan and adjacent 
Central America.
4. In El Nino winters the core of the western Gulf of Mexico divergence zone 
is slightly weaker and the entire zone does not extend as far onshore as in 
non-El Nino winters. A wind map of El Nino winters, Fig. 3.1, shows that 
anticyclonic circulation over the western gulf is 2.5 ms-1 (5 kt), a little weaker 
than in non-El Nino winters, when it is 2.5 to 5 ms-1 (5 to 10 kt). Using 
the previous explanation offered for the winter, western-gulf divergence zone, 
since there are more cold fronts in non-El Nino winters, and if the western- 
gulf divergence zone is due to an average condition of entrapment of cold air 
against the mountains, then it is not unreasonable to find some strengthening 
and westward expansion of the divergence zone in non-El Nino winters.
3.4 W inter, 850-m b R ela tive  V orticity, 1967-1989
3.4.1 General Circulation: 850-mb R elative Vorticity, El 
Nino W inters
The comments below and in the next section refer to Figs. 3.10 and 3.11, composites 
of the 850-mb relative-vorticity field for the four El Nino winters and 19 non-El Nino 
winters, respectively, between 1967 and 1989.
1. In both winter types the general structure consists of three wide relative- 
vorticity bands that are positive at low latitudes, negative in midlatitudes, 
and positive at high latitudes.
2. Much of the North American continent has negative relative vorticity in both 
types of winter. This matches its generally divergent nature in both winter 
types, and allows the conclusion that the divergence over the continents is 
due to anticyclonic motion in cold, descending air.
3. The atmosphere over the eastern shelf and slope of North America has neg­
ative relative vorticity over these cold, inshore waters, and positive relative 
vorticity over the warmer waters of the Gulf Stream and abyssal plain. This 
matches the nearshore divergence and offshore convergence observed in El 
Nino winters, Fig. 3.7, which are now indicated to be due to relatively cool 
and warm surface waters, respectively, and the accompanying modification of 
overlying air.
4. Over the northeastern Pacific, the 850-mb level shows nearly uniform negative 
relative vorticity over the the area of the Pacific subtropical high. In the 
southeast part of the ocean mapped, the 850-mb level is divergent. These 
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Figure 3.11: 850—mb relative vorticity, winter, non-E l Nino years, 1967—89.
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the 850-mb level is convergent. This does not fit with the negative relative 
vorticity or the anticyclonic wind field there.
5. The area of the Colorado Plateau previously noted to be strongly divergent 
has negative relative vorticity. These two facts are consistent with the high 
sea-level pressure there (Fig. 3.4) and indicate anticyclonic motion in de­
scending air.
6. The convergent area in the lee of the Canadian Rockies has positive relative 
vorticity, consistent with the area’s well known cyclogenetic potential.
7. The convergent zone along the Cascades and the Coast Ranges has positive 
relative vorticity.
3.4.2 G ulf o f M exico Circulation: 850-mb Relative Vor­
ticity, El Nino W inters
1. The lobe of negative relative vorticity extending over the Gulf of Mexico from 
the North American continental interior may represent the average southward 
excursion of cold air during cold-air outbreaks. It appears to intrude into a 
wide band of positive relative vorticity covering the adjacent, warmer Atlantic 
and Carribean. Fig. 3.1 shows weak, less than 2.5 ms-1 (5 kt), anticyclonic 
motion over the gulf in El Nino winters, consistent with the area’s negative 
relative vorticity.
2. The Bay of Campeche, the southwest corner of the Gulf of Mexico, is the 
only part of the gulf region to show positive relative vorticity in El Nino 
winters or non-El Nino winters. The bay is, however, in the divergent belt 
noted previously at this level. The divergence and positive relative vorticity 
can be reconciled if the divergence is not due to rotary motion, but is due
to speeding up of air in the earlier-postulated channel for transport of cold 
air southward during cold-air outbreak. This, however, requires a separate 
explanation for the positive vorticity. At the head of the channel, in Texas, 
cold air would move due south. It may then curve southeastward, to conserve 
absolute vorticity by adding positive relative vorticity to compensate for the 
decrease in the Coriolis parameter with southward transport. Carrying the 
idea further, the southeastward flow may eventually recurve northeast, north, 
or northwestward, again to conserve absolute vorticity. After this much trans­
port, the air may be sufficiently warmed from below to constitute a return 
warm front. Note that this explanation for the positive relative vorticity over 
the southwestern gulf during El Nino winters only applies during cold-air 
outbreak, since average winter winds are from the south here.
3.4.3 Differences in the 850-mb Relative-Vorticity Field  
between El Nino and Non-El Nino W inters
The comments below refer primarily to Fig. 3.12, the difference field of 850-mb 
relative vorticity for the four El Nino winters and the 19 non-El Nino winters 
between 1967 and 1989. Secondary reference is made to Figs. 3.10 and 3.11, 
composites of the 850-mb relative vorticity field for the four El Nino winters and 
the 19 Non-El Nino winters. In Fig. 3.12, points that have more positive relative 
vorticity (have a larger or less negative value of relative vorticity) in El Nino winters 
are labeled ’P \  These areas may still, in the average, have negative relative vorticity 
in both types of winter, though less negative in El Nino winters. A positive result, 
when subtracting relative vorticity in non-El Nino winters from that in El Nino 
winters, means more or stronger episodes of positive relative vorticity in El Nino 
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Figure 3.12: 850-m b relative vorticity, winter, 1967-89, difference. co
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1. The lobe of negative relative vorticity over the Gulf of Mexico extends farther 
south in El Nino winters, Fig. 3.10, than in non-El Nino winters, Fig. 3.11. 
In El Nino winters the lobe extends approximately 500 km (315 mi) farther 
to the southeast, presumably reflecting the southward shift of the seasonal 
mean jet stream and the accompanying southward shift of the average south­
ern limit of cold air at the 850-mb level, indicating further-south advance of 
cold-air masses in El Nino winters. (This illustrates the type of information 
obtainable from maps of seasonal means of dynamic quantities. Study of 
dynamic parameters on a climatologic time scale has been called ’dynamic 
climatology’ (Riehl 1954).)
2. The areas over the western third of the gulf and the xxorth and west coastal 
plains, though areas of average, 850-mb level, negative relative vorticity in 
both winter types, is less negative (more positive) in El Nino winters. Over 
the eastern two-thirds of the gulf, though also an area of average negative 
relative vorticity in both winters, the opposite is seen, slightly more-negative 
relative vorticity in El Nino winters. The positive relative-vorticity difference 
over the far west gulf in El Nino winters may owe to the diminishment of the 
easterly trades to the southeast of there, as follows. If the average, winter flow 
along the western shelf (in any year) is the result of northward deflection of the 
trades by high topography on the Mexican landmass, then trade weakening in 
El Nino winters will produce less south wind along the western shelf. In any 
year, northward curving of easterly trades contributes anticyclonic (negative) 
relative vorticity. Weaker trades and weaker south winds in El Nifio winters 
result in less negative relative-vorticity input over the southwest and west gulf. 
The positive relative-vorticity difference in El Nino winters may be generated 
this way, or it may simply reflect the greater number of winter storms.
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3. Over the California and Baja coasts, the 850-mb level has a positive relative- 
vorticity difference. Even though Baja has a seasonal average negative relative 
vorticity in both winter types, it is less negative in El Nino winters. The excess 
positive relative vorticity is consistent with Lau and Sheu’s (1991) observation 
of more storms during El Nino winters in California.
4. An area of positive relative vorticity at about 15°N and 140°W in the Pacific 
is much smaller in the mapped region in El Nino winters, Figs. 3.10 and 3.11. 
This far north, if equatorial convergence is seen at all, one would expect the 
opposite, anticipating that perhaps the northern edge of the convective region 
in the eastern Pacific would be visible in El Nino winters.
3.5 W in ter, 250-m b W ind Field: 1966-1989
3.5.1 General Circulation of the 250-mb W ind Field, El 
Nino W inters
The following comments refer to Figs. 3.13 and 3.14, composites of the 250-mb, 
horizontal wind field for the five El Nino and 19 non-El Nino winters between 
1966 and 1989. At this altitude and latitude the winds are all westerly. In Fig. 
3.13, El Nino winters, a wide belt of maximum speed, 30 to 45 ms-1 (60 to 90 
kt) curves cyclonicly across the entire southern United States and most of Mexico. 
Maximum average speed is attained just off the Carolinas over the Atlantic, a well- 
known, cyclogenetic province. A secondary ’ridge’ of maximum speed is suggested 
to the north, trending northwest to southeast across the midcontinent, and possibly 
joining the southern branch near the latter’s core speed maximum over the Atlantic. 
In nearly all seasonal means, the north and south jets appear to come together at 
the location of maximum speed for the North American sector, appendices 0  and 
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Figure 3.13: 250-m b wind vectors, winter, El Nino years, 1966-89.
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Figure 3.14: 250-m b wind vectors, winter, non-E l Nino years, 1966—89.
All 250-mb speed analyses presented in this work deal exclusively with the south­
ern speed maximum. The speed maxima are jet streams. Their dimensions agree 
with the definition of jet streams adopted by the World Meteorological Organization 
(WMO) (Reiter 1967b). In Resolution 25 (EC-IX), the WMO defines jet-stream 
dimensions as: 1000’s of kilometers in length, (parallel to flow), 100’s of kilometers 
in width (across flow), and a few kilometers in vertical depth. Resolution 25 also 
specifies that strong wind shears characterize a jet stream. Lateral wind shears are 
stated to be on the order of 5 ms-1 per 100 kilometers, or 5 ms-1 across a horizontal 
distance slightly less than 1 degree of latitude (10 kt per ~  1 °lat.). Vertical wind 
shears, though not discernible from any maps presented here, are stated to be on 
the order of 5 to 10 ms-1 per one kilometer (15 to 30 kt per mi).
At first glance, it seems that the northern ’branch’ is the mean polar-front jet 
and the southern ’branch’ is the mean subtropical jet (Krishnamurti 1961; Newton 
and Persson 1962). Broadly speaking, the core of the polar-front jet is found at 
the tropopause break at approximately the 300-mb level, at 40° to 45° N in winter, 
and the subtropical-jet core occurs south of there, at about 30° N in winter, at a 
second break, or ’step up’ in the tropopause, at about the 200-mb level. In the 
middle, at 250 mb, the two names may still be appropriately applied to the north 
and south jets, however, the location of the jet axes drawn at 250 mb is probably 
not the exact core of either jet. These may be displaced somewhat, depending on 
the degree of asymmetry of the three-dimensional structure of the two jets. This is 
essentially a sampling bias, and though unfortunate, can safely be ignored for the 
application the present work makes of the role of jet streams. If jet-stream dynamics 
were being investigated, it could not be ignored, and in fact, vertical cross sections 
would be needed to better define the jets. A more serious problem in regarding 
the northern speed maximum as the polar-front jet and the southern one as the
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subtropical jet, concerns the averaging process used to produce the composite maps 
shown here. Each jet migrates north and south (Phillips 1950) and streaks (local 
velocity maxima) in each jet migrate west to east, at the same time strengthening in 
the fore and weakening in the rear (Reiter 1963). Because of this, the mean picture 
is quite likely not the mean of either jet; they have probably become mixed. Even 
these means are probably biased to the south, as discussed by Reiter (1963). This 
error is systematic, and so for the purpose of finding the relative location of the 
jet stream over the southern United States and Gulf of Mexico during El Nino and 
other winters, it will be neglected. In view of the probable mixing of the polar-front 
jet and subtropical jet in the averaging, only the names north and south jet will be 
used.
The problem of polar-front jet versus subtropical jet is not merely one of seman­
tics, the two being of somewhat different origin, having different associated surface 
features, and having some structural differences (Newton and Persson 1962). Reiter 
(1963) has shown that the subtropical jet exists in part to satisfy the hemispheric 
conservation of angular momentum. The subtropical jet is associated with the 
poleward boundary of the Hadley circulation cell (Palmen and Newton 1969). The 
polar-front jet is always associated with a surface front, while the subtropical jet 
is not, usually only being connected to a sometimes poorly-defined, upper-level 
front (Reiter 1963; Shapiro and Keyser 1990; Keyser and Shapiro 1986; Palmen 
and Newton 1969). Reiter (1963) has suggested that the subtropical jet is the 
decaying or mature phase of a polar-front jet that has become detached from its 
associated surface front, which may still exist as an upper-level front, as the jet 
migrates south. It has long been recognized that surface cyclogenesis is likely to 
occur when a tropospheric jet stream lies over a surface frontal zone (Riehl 1948). 
The lack of a surface front connected to the subtropical jet does not preclude a role
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for it in surface cyclogenesis, because of the vertical motions, both thermally direct 
and indirect, associated with jet streams (Sechrist and Whittaker 1979). Uccellini 
et al. (1984, 1987) have shown that the subtropical jet played a role in cyclogenesis 
during the Presidents’ Day storm over the eastern United States of 18-19 February 
1979. Defant and Morth (1978), citing earlier work of Defant (1972), state that the 
subtropical jet was causal in the 14-17 February 1962, Hamburg, Germany storm 
that created a strong storm surge. Elsberry and Kirchoffer (1988) have noted the 
influence of the subtropical jet on storm development. Palmen and Newton (1969) 
present a map showing four wave cyclones developed under the subtropical jet. 
Both the polar-front jet and the subtropical jet can play a role in surface cyclogen­
esis, although the mechanisms may be different when dealing with the subtropical 
jet and an upper-level front as opposed to a surface front (Keyser and Shapiro 
1986). The relative position of any tropopause jet is important because of the 
accompanying areas of divergence which contribute to surface cyclogenesis.
3.5.2 Differences in the 250-mb W ind Field between El 
Nino and Non-El Nino W inters
The following comments refer primarily to Fig. 3.15, a vector plot of the difference 
between the 250-mb wind field in the five El Nino and 19 non-El Nino winters from 
1966 to 1989, and secondarily to Figs. 3.13 and 3.14, the individual wind fields. 
The magnitude of the 250-mb wind-difference vectors is arbitrarily multiplied by 
four, relative to the source maps, for ease of reading. The speed contours, however, 
are true magnitude. Following is a list of the differences between the two types of 
winters.
1. The south jet is stronger by 5 to 10 ms-1 (10 to 20 kt) in El Nino winters.
The north jet is weaker by up to 5 ms-1 (10 kt) as evidenced by an east
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residue in a westerly wind. Arkin (1982) noted a stronger subtropical jet 
over North America in the winters following a warming in the eastern and 
central tropical Pacific. Arkin’s winters corresponds to those here called El 
Nino winters and correspond to December(-l), January(O), and February (0) 
in Rasmussen and Carpenter’s notation (1982). Arkin made similar, 200- 
mb wind-speed composites, although monthly, of NMC final-analysis data for 
1968 to 1979.
2. The south jet is displaced southward by an average 185 to 285 km (115 to 
180 mi) between longitudes 100° and 70°W over the gulf region in El Nino 
winters, Table 4.1.
3. In El Nino winters the speed maximum over the northwest Pacific appears to 
be directly upstream of and connected to the south jet over Mexico and the 
southern United States, Fig. 3.13. In non-El Nino winters, the Pacific, speed 
maximum appears to be in line with the north jet, following a path across 
the Pacific northwest over Washington state and British Columbia, Fig. 3.14. 
The speed maximum mapped in the Pacific is the decelerating end of a jet 
maximum, or exit area (see 3.6.4). The exit region has been shown both 
theoretically and observationally to be a region favorable for surface cycloge­
nesis (Reiter 1963). It would appear that storms generated under this Pacific 
exit region in non-El Nino winters would cross over the North American con­
tinent in the northwestern United States and southwestern Canada. In El 
Nino winters these storms, and other, migratory cyclones, would be steered 
far southward by the upper-level current, crossing over land in the vicinity of 
the Baja peninsula. The mean south jet is located over Baja in both winter 
types, but in non-El Nino winters it is not downstream of a volatile exit re­
gion as it is in El Nino winters. Based on this and on the weakened north jet
in El Nino winters, it seems reasonable to expect, in El Nino winters, fewer 
extratropical storms tracking across the northern U.S. and more extratropical 
storms taking a route across the southern U.S. A similar, though theoretical, 
result was obtained by Held et al. (1989) using a general-circulation model 
and predicting its response to an El Nino forcing. In the model output, they 
note an equatorward movement of the storm track as evidenced by changes 
in the the eddy momentum flux at 200 mb.
A consequence of fewer north-tracking storms in El Nino winters may be fewer 
storms reforming in the lee of the northern and central Rockies, such as the 
storms of the Alberta and Colorado cyclogenetic areas identified by Whittaker 
and Horn (1982, 1984). Two further consequences of a southward-displaced 
extratropical-storm track would be first, increased storminess in southern 
California and second, a greater incidence of storms forming or reforming 
in the lee of the southern Rockies over Texas and the southwestern United 
States. Of the foregoing, only the increased storminess in southern California 
in El Nino winters has been well documented (Lau and Sheu 1991).
4. On the north, or cyclonic side of the south jet, so called because of the cyclonic 
sense of shear found there, the strengthening of the south jet in El Nino 
winters intensifies this cyclonic shear, as evidenced by the band of cyclonic 
residue lying across the southwest United States, Fig. 3.15. Conversely, the 
weakening of the north jet during these same winters diminishes the cyclonic 
shear on the north side of the north jet. This is shown by the anticyclonic 
residue over Canada, Fig. 3.15. On the south, or anticyclonic side of the 
south jet, the speed increase in El Niiio winters leads to an intensification of 
anticyclonic shear there. This is represented by the anticyclonic residue in 
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Figure 3.15: 250—mb wind vectors, winter, 1966-89, difference.
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This region is on the southwest edge of the Pacific subtropical high in winter. 
The intensified anticyclonic shear on the south side of the south jet may 
contribute to a strengthening of the Pacific subtropical high pressure cell in 
El Nino winters. There is a one-millibar average increase in mean sea-level 
pressure under the high in El Nino winters, Fig. 3.6.
5. A north wind difference is visible over the Caribbean Sea and neighboring 
part of the Atlantic. In El Nino winters the 250-mb winds are due west here, 
while in non-El Nino winters the winds are somewhat south of west.
6. The westerlies over the north Atlantic and Labrador Sea are decreased slightly 
in El Nino winters, as shown by the wide area of east residue over the north 
Atlantic, Fig. 3.15. The decrease is slight, less than 5 ms-1 (10 kt).
3.6 W inter, 250-m b D ivergence: 1966-1989
3.6.1 General Circulation: 250-mb Divergence, El Nino 
W inters
The following comments and those in the section below refer to Figs. 3.16 and 3.17, 
composites of the 250-mb divergence field for the five El Nino winters and for the 
19 non-El Nino winters between 1966 and 1989.
1. In both winter types there is an east-west band, centered at about 30°N, in 
which the 250-mb level is largely convergent, reflecting the meeting of the 
first two meridional, vertical, circulation cells, the Hadley and Ferrel cells. 
North of this band, the 250-mb level is divergent, reflecting the meeting of 
the midlatitude Ferrel and the furthest-poleward vertical circulation cells.
2. In both winter types the south jet is located within the convergence zone 
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subtropical tropopauses. 10° to 15° north of the south jet, the mean north 
jet tracks approximately along the south edge of the divergence zone seen 
over the northern third of the map. This seems to be at the junction of the 
Ferrel and most-poleward vertical circulation cells, or at the tropopause break 
between middle and higher latitudes.
3. The following is a list of pairings of opposite sign of divergence between the 
850-mb level and the 250-mb level in El Nino and non-El Nino winters.
(a) Over the western Atlanic Ocean the 250-mb level shows many regions of 
divergence over an area that is convergent at the 850-mb level.
(b) Over the North American continent, there is much 250-mb level conver­
gence situated over what is largely an area of divergence at the 850-mb 
level.
(c) The area of the Pacific west of Mexico and Central America is convergent 
at the 250-mb level, while this is an area of 850-mb level divergence under 
the Pacific subtropical high.
(d) The northeastern Pacific, west of the U.S. Pacific northwest and Cana­
dian coasts, is divergent at the 250-mb level, while at the 850-mb level 
it is convergent.
(e) The area over the northern and Canadian Rockies is divergent at the 250- 
mb level. This matches up with a zone of convergence on the 850-mb 
map. These mountains are much higher than the mountains in Mexico. 
That may be why there is coherent matching of the sign of the diver­
gence field over the Rockies, but not over the Sierra Madre Orientals 
and Occidentals.
3.6.2 G ulf of Mexico: 250-mb Divergence, El Nino W in­
ters
Matchings of opposite sign of 250-mb and 850-mb level divergence in the gulf area 
during both winter types follow.
1. In the winter-season averages, the area over the Gulf of Mexico is almost en­
tirely convergent at the 250-mb level (although it is more divergent, or less 
convergent, during El Niiio winters, 3.6.3). This 250-mb level convergence is 
difficult to reconcile with either the 850-mb level convergence seen over the 
eastern two-thirds of the Gulf of Mexico, or with the explanation previously 
offered for the western-gulf divergent zone, which was based on velocity in­
crease in a cold-air channel. That is, not unless both of those features, the 
850-mb level convergence and the supposed cold-air channel, are shallow and 
confined to low levels. This leaves the observed 250-mb level convergence over 
the gulf as the pair-mate of an inferred, lower-level divergence somewhere be­
tween 850- and 250-mb. Some mechanism is required to produce a midlevel 
divergence zone beneath the 250-mb level convergence zone centered at 30°N. 
The divergence could perhaps be related to the descent of air (below the 250- 
mb level) at the meeting of the first two vertical circulation cells north of the 
equator.
2. The band of surface convergence over the mountains of Mexico and the south­
western United States is not matched by a corresponding divergent zone at 
the 250-mb level. As in item 1 above, this is only reasonable if the surface 
convergent zone is shallow, due only to the local effect of the mountains, and 
does not extend much above the 850-mb level. Palmen and Newton (1969, 
p.347) discuss an example of this where the surface convergence over moun­
tains is lost by the 700-mb level. If this is so, then the same explanation as
in item 1 above can be used. That is, this area is one of inherent divergence 
due to descending air below the meeting of the Hadley and Ferrel cells. Ap­
parently, divergence is replaced by convergence only at the lowest levels, due 
to orographic lifting over the mountains.
3.6.3 Differences in the 250-mb Divergence Field between  
El Nino and Non-El Nino W inters
The following comments refer to Fig, 3.18, a difference of the composite fields of 
divergence at the 250-mb level in five El Nino winters and 19 non-El Nino winters 
between 1966 and 1989. Secondary reference is made to Figs. 3.16 and 3.17, the 
individual, El Nino and non-El Nino, 250-mb divergence fields. In Fig. 3.18, points 
that are more divergent (have a more positive value of divergence) in El Nino winters 
are labeled ’D \ These areas may still, in the average, be convergent in both types 
of winter. They are, however, less convergent (more divergent) in El Nino winters. 
A positive result when subtracting divergence in non-El Nino winters from that in 
El Nino winters means more or stronger episodes of actually positive divergence in 
El Nino winters, and/or fewer or weaker episodes of convergence in El Nino winters.
Although at the 250-mb level the atmosphere over the gulf region is, in the 
winter-season average, almost entirely convergent in both winter types, Figs. 3.16 
and 3.17, all but the southwest corner is more divergent (less convergent) in El 
Nino winters, as indicated by the positive divergence difference, Fig. 3.18. Due 
to the intensification of the south jet in El Nino winters, it seems reasonable to 
interpret the positive divergence difference as owing to increased episodes of strong 
divergence at the 250-mb level. These episodes are likely to result from the more- 
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3.6.4 Jet Streaks, Exit, and Entrance Regions
Jet streaks, areas of highest wind speed defining the core of a jet, are neither per­
manent nor stationary. Streaks migrate west to east through the jet, through a 
process of decay in the west and strengthening in the east (Reiter 1963). An ideal­
ized pattern of divergence and convergence around a jet streak has been described 
by Riehl et al. (1954), Beebe and Bates (1955), Reiter (1963, 1967a) and summa­
rized by Uccellini (1990). The basic model described below is still used, although 
as more-detailed observations accumulate, the simple picture is becoming more 
complicated and much variability in jet structure has been found, particularly in 
connection with the associated development of low-level jets. Strongest divergence 
is found in the left-front (exit) quadrant of the core, with weaker divergence found 
in the right-rear (entrance) quadrant. Strongest convergence is found in the right- 
front quadrant with weaker convergence in the left rear. This may be understood 
in terms of acceleration or deceleration and streamline spreading or confluencing. 
Air accelerates into the jet streak and decelerates on exiting. Based on this alone, 
one would expect divergence in the rear entrance region as air accelerates into the 
streak, and convergence in the fore exit region as air decelerates upon leaving the 
streak and piles up there. If the streak has any curvature, however, the effect of 
streamlines spreading out and coming together will be important. If the curvature 
is cyclonic, as is often case over the gulf region, on the north, inside of the curve, 
streamline effects will be more important than acceleration. On the inside of the 
curve, in the left rear, the effect of streamlines coming together greatly exceeds the 
effect of acceleration, and the area is strongly convergent. In the left-front quad­
rant, the effect of deceleration is overridden by streamline spreading and the region 
is strongly divergent. On the outside of the curve, streamline effects again oppose 
acceleration effects, but they do not generally overcome them. Convergences and
divergences on the outside of the curve are therefore generally weak. In the right- 
front quadrant, the tendency for convergence due to deceleration is opposed by 
streamline spreading, and the region is only weakly convergent. In the right-rear 
quadrant, divergence due to acceleration is opposed by streamline confluencing, and 
the region is only weakly divergent. In addition to these ageostrophic, horizontal 
motions, there are associated vertical circulations discussed by Reiter (1963, 1967a, 
1978), Sechrist and Whittaker (1979), and Cammas and Ramond (1989). The two 
divergent areas of the jet streak cause warm, moist, tropospheric air from below to 
be pulled upward, creating areas of low pressure and convergence at the surface. 
These may grow into cyclones if the upper-level divergence is strong enough, per­
sistent enough, and if surface conditions are favorable. Beneath the two convergent 
areas of the jet streak, cold, dry, stratospheric air descends, creating areas of high 
pressure and divergence at the surface. Superimposed on the vertical motion is 
horizontal, eastward transport in the upper-level westerlies. This ties together the 
entrance and exit regions of the jet streak. Some air that began rising under the 
right-rear divergence zone winds up rising into the left-front divergence zone. Some 
of the air that began to sink under the left-rear convergence zone winds up sinking 
to the surface beneath the right-front convergence zone.
The vertical circulations are of importance in the interaction of the jet with 
a surface cold front and with a developing cyclone. Browning (1990) and Cotton 
(1990) have used the vertical circulation to link surface fronts and an upper-level 
jet. These are their cold and warm ’conveyor belts’. Once a cyclone is formed 
under either of the divergent areas, the warm air being pulled upward from the 
surface is just the warm air rising ahead of the warm-front portion of the storm. 
The cold, dry air descending beneath the areas of convergence at jet level is just 
the cold-front part of the cyclone. A storm formed under the left-front exit region
will be stronger than one formed under the right-rear entrance region because the 
divergence is stronger in the exit region, and so, capable of causing greater surface 
pressure fall, and also because the exit area has air streams feeding into it from 
two places, from directly below and from the rear entrance region. The rear, rising 
current rises more slowly than the forward rising current, due to weaker upper- 
level divergence in the rear. So the rear rising current experiences more forward 
transport than does the air which rises below the exit region.
It is therefore the upper-level divergent areas associated with a jet streak that 
are most important in cyclogenesis. These are capable of creating surface low- 
pressure areas, and so causing or contributing to cyclogenesis. If the divergent 
areas are stronger, or more often present in El Nino winters, then a mechanism is 
suggested to explain the more-frequent occurrence of storms over the gulf region in 
El Nino winters, that is, through more-frequent provision of the necessary upper- 
level forcing. At the 250-mb level, the positive difference over the gulf area between 
divergence in El Nino winters and other winters would seem to indicate more of these 
divergent episodes in El Nixio winters. In the average, due to the migratory nature 
of the jet and of jet streaks, the net divergence should be near zero, adjacent areas of 
convergence and divergence cancelling each other out with forward movement. That 
is, unless a certain area is consistently occupied by the jet. The average expected 
is small and not necessarily in proportion to the changes in the jet between the two 
types of winter. The averages observed over the gulf area are small, between 0 and 
lx lO ~6s_1.
The areas of convergence and divergence around a jet streak suggest a connec­
tion between U.S. east-coast cyclogenesis and Gulf of Mexico-region cyclogenesis. 
Noting that the core of the south jet, Figs. 3.13 and 3.14, is just off the Caroli- 
nas, one might suppose that when a jet streak is present, there must be an exit
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region somewhere off the southeastern coast of the United States, and an entrance 
region somewhere to the southwest of there. Taking 1000 to 2000 km (625 to 1250 
miles) as a representative length of a jet streak, one may expect an entrance region 
perhaps in the vicinity of the Texas or Louisiana shelves in the northern Gulf of 
Mexico. Viewed as a single system, the gulf-region cyclones are lesser storms form­
ing under the weaker, entrance-region divergent zone of a jet streak, and the U.S. 
east-coast storms are stronger storms formed under the more-strongly divergent 
zone of the exit region. This clarifies the relationship within a ’family’ of wave 
cyclones (Petterssen 1958, referring to earlier work of Bjerknes and Solberg). Ex­
actly this geometry is suggested by Uccellini et al. (1984, their Fig. 13) in their 
discussion of the Presidents’ Day storm.
Does the averaging process leave any trace of these two postulated divergent 
zones? The El Nino-winter map, Fig. 3.16, shows a small, divergent area over the 
Florida panhandle, although it is only based on four points, and by itself, is of little 
significance. At the 250-mb level, the atmosphere over the western gulf shows not 
even a small patch of divergence in either winter type. This may be because of 
the weaker divergence expected in the entrance region. The 250-mb level, western- 
gulf atmosphere does, however, have a positive divergence difference. The other 
possible exit region shown on the 250-mb wind-speed map for El Nino winters, 
Fig. 3.13, in the Pacific at 140°W, 30°N, also shows an area of relatively strong, 
positive divergence in Fig. 3.16 in what may be the average left-front quadrant. 
The exit-region half of the ideal divergence pattern around a jet streak may be 
visible here, if the area of relatively strong convergence just south of 140°W, 30°N 
is the right-front quadrant. This area was discussed previously in connection with 
a possible more southerly track for winter storms approaching the North American 
continent from the northern Pacific in El Nino winters.
3.6.5 Other Differences in the 250-mb Divergence Field 
between El Nino and Non-El Nino W inters
Some other differences in the divergence fields for the two winter types are listed 
below.
1. At the 250-mb level, east of Hawaii, extending from 130° to 145°W, and from 
the map edge at 15° to 20°N, a strongly divergent area is seen in El Nino 
winters, Fig. 3.16, that is completely absent in non-El Nino winters, Fig. 
3.17. It appears to be due to the increased anticyclonic shear on the south 
side of the south jet, as shown by the anticyclonic residue in Fig. 3.15. It 
may be instrumental in reinforcing central Pacific cloudiness and rainfall in 
El Nino winters.
2. There is some area of average divergence at the 250-mb level over the Car- 
ribean in El Nino winters, while in non-El Nino winters the entire region is 
convergent. The whole region has a strongly positive divergence difference, 
Fig. 3.18.
3. There is less area of divegence at the 250-mb level in northeastern Canada 
and the Great Lakes in El Nino winters. The divergence difference is negative 
(convergent).
4. In non-El Nino winters at the 250-mb level there appears to be a region of 
divergence, though only based on four points, above the 850-mb convergent 
region over the mountains of Mexico.
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3.7 W inter, 250-m b R ela tive  V orticity: 1966-
1989
3.7.1 General Circulation: 250-mb R elative Vorticity, El
Nino W inters
These comments and those in the next section refer primarily to Figs. 3.19 and 3.20, 
composites of the 250-mb relative-vorticity field for the five El Nino winters and for 
the 19 non-El Nino winters between 1966 and 1989.
1. The most-pronounced feature of the relative-vorticity composite for El Nino 
winters, Fig. 3.19, is a strong band of positive relative vorticity at the 250-mb 
level, roughly centered on 30°N latitude, and present over the Atlantic Ocean 
from the Yucatan to the eastern map edge, at 40°W. In this location the 
250-mb level is about half divergent and half convergent. (The 850-mb level 
was all convergent.) According to the general-circulation scheme, between 
about 30° and 60°N latitude, and shifted south in winter, the 250-mb level 
should be convergent. (This is the upper-level opposite pair-mate of the 
Bermuda High, though that is weakened in winter.) If the 250-mb level map 
is basically convergent, only modified by patches of divergence, this agrees 
with the model. The divergent patch off the Carolinas is close to the core 
of the maximum-speed axis, where the mean north jet appears to join the 
mean south jet. This area may owe its divergence to velocity increase due to 
confluencing (Namias and Clapp 1949).
2. In El Nino winters another area of positive relative vorticity is centered 
roughly on 50°N, over the northwest part of the Pacific mapped, Califor­
nia, the Canadian and U.S. Pacific northwest, and the Canadian arctic. This 
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Figure 3.20: 250—mb relative vorticity, winter, non—El Nino years, 1966—89.
circulation model which calls for upper-level divergence between the middle 
and the most-poleward vertical circulation cells at about 60°N, shifted south 
in winter. This positive relative vorticity is, however, opposite to what would 
be expected based on the positive divergence seen here. This discrepancy 
is unresolved. Along the northwest coast of North America, this region of 
upper-level, positive relative vorticity extends about 10° farther south in El 
Nino winters, to cover the entire U.S. west coast, but not the continental 
interior.
3. Most of the North American continent and the remaining parts of the north 
Atlantic and Pacific show negative relative vorticity. Nearly all of these areas 
are convergent at the 250-mb level. Based on the general-circulation model, 
one would expect a band of convergence centered on 30°N or somewhat south 
of there, and a band of divergence north of that, at about 60°N. While the 250- 
mb convergence agrees with the model, the presence of all negative relative 
vorticity does not, and this is unresolved. Further, in the regions to the north 
of each of the two mean jets, one would expect positive relative vorticity based 
on the curvature and lateral velocity shear of the 250-mb jets. Almost the 
opposite is true, although a thin sliver, about three degrees wide, of positive 
relative vorticity does show up north of the south jet, over the Atlantic in 
El Nino winters. This is part of the same band of positive relative vorticity 
discussed in part 1 above.
3.7.2 G ulf of Mexico: 250-mb Relative Vorticity, El Nino 
W inters
1. In El Nino winters, the 250-mb atmosphere over all but the southeastern third 
of the Gulf of Mexico shows average negative relative vorticity, although the 
same area is, on average, convergent at this level.
2. Nearly all of the winter storms originating over the gulf region are under an 
area of average, 250-mb level, negative relative vorticity.
3.7.3 Differences in the 250-mb Relative-Vorticity Field  
between El Nino and Non-El Nino W inters
The following comments refer primarily to Fig. 3.21, the field of relative-vorticity 
difference for the five El Nino winters and the 19 non-El Nino winters between 
1966 and 1989. Secondary reference is made to Figs. 3.19 and 3.20, the El Nino 
and non-El Nino composites. In Fig. 3.21, points that have more negative relative 
vorticity (have a smaller or more negative value of relative vorticity) in El Nino 
winters are labeled ’N’.
1. Fig. 3.21 shows a strong, continuous band of positive relative-vorticity dif­
ference reaching from the eastern Pacific, across the west coast of the United 
States, and dipping south over the southwestern states, the Gulf of Mexico, 
and Caribbean, and the western Atlantic. The maximum positive difference is 
centered between the mean north and south jets, located over California and 
the southwestern United States. In the western region the positive-difference 
band is neatly bounded on the south by the south jet, being on the cyclonic 
side of the jet. Presumably, the intensification of the south jet in El Nino 
winters is responsible for the increased cyclonic (positive) shear to its north, 
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Figure 3.21: 250—mb relative vorticity, winter, 1966—89, difference.
in the region on the 250-mb, wind-difference map, Fig. 3.15. Fig. 3.16, the El 
Niiio-winter, 250-mb divergence field, shows most of the positive-residue band 
is convergent, which is consistent. Likewise, the weakening of the north jet in 
El Nino winters results in less anticyclonic (negative) shear to its south and 
produces an apparent cyclonic (positive) residue south of it. This contributes 
to the band of positive relative-vorticity residue between the two branches. In 
the eastern region, over the Atlantic portion of the band of positive relative- 
vorticity difference, the mean south jet roughly divides a region of decreased 
wind speeds to the north from one of increased wind speeds to the south. 
This is just the opposite of the situation over the Pacific and western United 
States. This is reflected in a reversal in the sign of the relative-vorticity differ­
ence. North of the mean south jet, decreased velocities produce less cyclonic 
(positive) shear, resulting in a negative relative-vorticity difference. South 
of the mean south jet, increased velocities should produce more anticyclonic 
(negative) shear, resulting in a negative relative-vorticity difference. This is 
not observed. Instead, the difference is positive, and the explanation south 
of the mean jet axis must be more complex than simple lateral velocity shear 
as in the area to the north of the jet axis. The negative relative-vorticity 
difference due to increased lateral velocity shear must be outweighed by the 
advection of positive relative vorticity. This occurs when air moves from re­
gions of higher relative vorticity to regions of lower relative vorticity, carrying, 
or advecting, its relative-vorticity ’signature’ with it (Petterssen 1956). Since 
the winter, mean core of the south jet is located in this area, at approximately 
70°W, the most likely source of positive relative vorticity is jet-level troughs 
that advance south during cold-air outbreaks (Namias and Clapp 1944).
Between the west and east ends of the band of positive relative-vorticity 
difference, over the gulf region, there is a zone of transition, and the mean 
south-jet axis cuts diagonally across the band of positive relative-vorticity 
difference. Over the gulf area, most of the band is actually to the south of 
the mean south jet. Only the positive relative-vorticity difference over the 
northernmost gulf and northern coastal plain can be explained by increased 
cyclonic shear north of the mean south jet. The remainder of the positive 
relative-vorticity difference over the gulf area may be due to the advection of 
positive relative vorticity, most likely within jet-level troughs during cold-air 
outbreaks. This amounts to claiming that the extra positive relative vorticity 
over the gulf area in El Nino winters results from more frequent excursions 
into the area of jet-level troughs, an idea supported by the south-displaced 
mean south jet (chapter 4), the region’s positive divergence difference, and 
by negative height and temperature differences at near-surface, intermediate, 
and upper levels (chapter 4).
2. The area north of the weakened north jet shows a negative relative vorticity 
difference due to less cyclonic (positive) shear to its north, Fig. 3.21. Sup­
porting this, the 250-mb, wind-difference map shows anticyclonic residue over 
the area, Fig. 3.15.
3. In El Nino winters a little more of the gulf is under positive relative vorticity 
than in non-El Nino winters, Figs. 3.19 and 3.20. This is because the region 
of positive relative vorticity over the Atlantic extends farther west in El Nino 
winters, encroaching more over the southeastern gulf.
4. The northeastern Pacific area of positive relative vorticity extends further 
south in El Nino winters, to Baja, Fig. 3.19. In non-El Nino winters it stops 
at British Columbia.
3.8 Idealized  and A ctu al F ields o f  D ivergence  
and R ela tive  V orticity
An idealized model to account for more storms in El Nino winters predicts more- 
frequent episodes of positive divergence and positive relative vorticity over the gulf 
region at the 250-mb level. These should be accompanied by convergence and 
positive relative vorticity at the 850-mb level during El Nino winters. The model 
predicts these based on the assumption that the probability of surface cyclogenesis 
will be enhanced first, by surface convergence due to cyclonic circulation (positive 
relative vorticity) and second, by upper-level divergence supplied by a deep, upper- 
level trough behind the jet stream (Petterssen 1956, p. 331) and the accompanying 
cyclonic circulation and cyclonic lateral velocity shear (positive relative vorticity) in 
the trough, north of the jet core. However, what is seen in the winter averages, or El 
Nino-winter composites, is: average 250-mb level convergence and negative relative 
vorticity over all but the southeast gulf. At the 850-mb level, the gulf region is, on 
average, convergent in the east, divergent in the west, and shows negative relative 
vorticity over all but the Bay of Campeche, the southwest corner of the gulf. Only 
the difference maps show close-to-predicted conditions, the seasonal averages usually 
masking the ENSO effect. Table 3.2 summarizes the predicted and actual findings. 
At the 850-mb level the divergence-difference map, Fig. 3.9, shows much of the 
gulf has the predicted excess of convergence, but only the west side of the western- 
gulf divergent zone is less divergent (more convergent). The map of 850-mb level, 
relative-vorticity differences, Fig. 3.12, shows the predicted positive difference over 
the western gulf, where many of the storms form, but a negative difference over 
the eastern gulf. At the 250-mb level, the divergence-difference map, Fig. 3.18, 
shows all but the southwest corner of the gulf has the predicted excess positive 
divergence. The map of 250-mb, relative-vorticity differences, Fig. 3.21, shows that
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Table 3.2: El Nino-winter, 850-mb and 250-mb level divergence and relative vortic- 
ity: idealized and actual.____________________________________________
Level Divergence Relative Vorticity Figures
Idealized  C onditions (M odel)
850 mb Convergent Positive
250 mb Divergent Positive
A ctual, A verage C onditions
850 mb Convergent (East) Negative 3.7, 3.10
Divergent (West) (Except southwest gulf)
250 mb Convergent Negative
(Except southeast gulf)
3.16, 3.19
El N in o -W in te r D ifferences
850 mb Convergent Positive 3.9, 3.12




the entire area over the gulf has the predicted excess of positive relative vorticity. 
Summarizing, in El Nino winters, the lower level is more convergent (except most 
of the western-gulf divergence zone) and has more positive relative vorticity. The 
upper level is more divergent and has more positive relative vorticity in El Nino 
winters. The contrary result is the persistence of the western-gulf divergent zone 
at the 850-mb level. It should be more convergent in El Nino winters, yet is so 
only on its west, shore-side edge. Elsewhere the zone is slightly more divergent. 
Explanation of this follows.
First, the 850-mb divergence zone over the western gulf, since accompanied by 
an excess of positive relative vorticity and weaker anticyclonic circulation in El Nino 
winters, must not be solely due to anticyclonic circulation, but partly to velocity 
increase from north to south. The 850-mb wind-difference map, Fig. 3.3, shows 
a north residue over the western gulf, indicating either more north wind, or less 
south wind. If the north difference is due to more (or stronger) north winds over 
the western gulf during El Nino winters, then the portion of the divergence which
is not due to anticyclonic circulation, may be due to velocity increase in the above­
postulated channel for transport of cold air during cold-air outbreaks. During cold- 
air outbreaks, wind speed may steadily increase from the coastal plain gulfward, 
heading south, since the frictional resistance over smooth grassland and water is 
less than over rougher upland terrain (Petterssen 1958). It may reach its maximum 
velocity in the Bay of Campeche, where transport over water has been sustained 
the longest. The few wind-difference vectors over the western gulf, Fig. 3.3, show 
the magnitude of the north wind difference increases from north to south. If the 
north difference is due to more north wind, and not to less south wind, then the 
north difference in El Nino winters must indicate that the proposed channelization 
of cold air during cold-air outbreaks (if it occurs) is more pronounced during El 
Nino winters. An 850-mb temperature-difference map, Fig. 4.19, shows a tongue of 
cooler temperatures in the western-gulf divergent zone, indicating cooler air in the 
west during El Nino winters than during non-El Nino winters. The western-gulf, 
onshore temperature records, Tables 2.5 and 2.7, and Figs. 2.17 and 2.21, show a 
statistically significant cooling in El Nino winters at Houston, Galveston, Corpus 
Christi, and Brownsville, Texas, and at Merida, Mexico. (The El Nino-winter, 
surface cooling noted in chapter 2 is, however, not confined to the western gulf.) 
Why this postulated cold-air channel should be more active in El Nino winters 
may relate to differences in the character of some cold-air outbreaks during El 
Nino winters, and/or to differences in the local atmosphere, over the gulf. Is the 
cold-air channel consistent with the observation of fewer cold fronts in El Nino 
winters? Possibly, if a sufficient number of cold-air outbreaks in El Nino winters 
are stronger. The work of Mortimer et al. (1988), characterizing severe cold-air 
outbreaks over Louisiana, may be of relevance here. Many strong cold fronts, in 
terms of temperature drop, reached the southern United States during the 1982/83 
El Nino event, causing damage to crops and inadequately protected water lines.
Appendix T contains some details of the cold fronts and associated frontal-wave 
cyclones during winter year, 1982.
Finally, acceptance of the cold-air channel during cold-front passage as expla­
nation for the winter, western-gulf divergent zone should be contingent upon the 
existence of a satisfactory explanation for the divergent zone’s presence in the warm 
months (appendix E). For example, outside of the cold-front season, the sea-breeze 
system along the western gulf coast may set up the divergent zone. During the 
day, the onshore-directed sea breeze implies descending air offshore, supplying the 
necessary divergence. Wind data used to calculate divergence is from NMC final 
analyses at 6:00 AM and 6:00 PM local time (7:00 AM and 7:00 PM local daylight- 
savings time). Both times are used in the seasonal averages. Clearly, the sea breeze, 
and associated vertical motion, will be in opposite directions at these times. The 
explanation only works if the 6:00 PM sea-breeze system is stronger than the 6:00 
AM system. Hsu (1988) has shown, for the Texas coast, that the 6:00 PM sea-breeze 
system is somewhat stronger than the 6:00 AM system, and more importantly, has 
greater vertical extent, extending farther into the 850-mb layer than in the early 
morning.
Another partial explanation for the divergence zone’s presence in the warm 
season may involve the fetch available to the east trades, which increases to a 
maximum over the southwest gulf. There should be some increase in wind speed, 
heading west. Summer, 850-mb wind maps do show a strengthening of southeasterly 
winds, from east to west, which may contribute to the positive divergence.
Finally, the possibility of a mountain-wind system exists in any season. Downs- 
lope winds at night and upslope winds during the day, if present, and if close enough 
to the coast, would add constructively with the sea-breeze effect. A mountain-wind 
system would produce downslope, offshore-directed winds at ’night’ (observations
at 6:00 AM local time) and upslope, onshore-directed winds during the ’day’ (ob­
servations at 6:00 PM local time) (Petterssen 1958). Again, if the 6:00 PM wind 
is stronger than the 6:00 AM wind, the average will be divergence on the coastal 
plain and perhaps even some distance offshore, amplifying the offshore divergence 
from the sea breeze. Note that both of these mechanisms, mountain wind and sea 
breeze, are consistent with the zone of convergence over the mountains. In invok­
ing the sea breeze and mountain wind to either generate or add to the west-gulf 
divergence zone, the obvious uncertainty is one of scale. Are the mountains close 
enough to the coast? How far inland would the sea breeze exist? Evidence at hand, 
though indirect, that the mountain-wind effect may be operating, is the similarity 
in size and shape of the mountain range, the divergence zone, and the convegence 
zone. One is encouraged to look for a sea-breeze system, on this scale, by reports 
elsewhere of a daytime convergence zone developing over peninsular Florida as a 
result of the coalescence of opposing sea breezes on each coast (Nicholls et al. 1991). 
There, the sea breeze can reach inland by about a degree of longitude.
C H APTER 4 
CYCLOGENESIS
Having established in chapter 2 that, between 1960 and 1989, more frontal-wave 
cyclones formed in the gulf area during El Nino winters than during non-El Nino 
winters, statistically significant at the .01 level, it remains to explain this. A num­
ber of workers have suggested that the subtropical-jet stream is the cause of the 
increased frequency of cyclogenesis, due to its south displacement and strengthen­
ing over the southern United States in El Nino winters (Johnson et al. 1984; Quiroz 
1983a, 1983b; Douglas and Englehart 1981; Horel and Wallace 1981). Accordingly, 
the location of the 250-mb ’south’ jet (see 3.5.1, approximately the subtropical jet, 
but likely to be a mix of that and the polar-front jet) over North America and flank­
ing regions of the Pacific and Atlantic Oceans was examined seasonally from winter 
1966 to spring 1989. Displacements of the south jet, in each season, were calculated 
from a 24-year mean position. Recalling the 700-mb, negative height anomaly over 
the southern United States reported by Douglas and Englehart (1981) and sepa­
rately, by van Loon and Rogers (1981) from the latter’s examination of 31 winters 
from 1948 to 1978, composite maps of height and of temperature were constructed 
for 27 years, 1963 to 1989. This was an attem pt to duplicate the result, over a 
different time period and with somewhat different data, van Loon and Rogers used 
single stations. The gridded data used here is described in 3.1. 850-, 700-, 500-, 
and 200-mb levels were used, but no temperature maps were made for the 700- and 
200-mb levels. 43 years, 1947 to 1989, were used for 500-mb level height.
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4.1 L ocation  o f th e  Seasonal M ean J et Stream  
(250-m b Speed  M axim um ) in El N ino and  
N on-E l N ino Years, 1966 to  1989
The 250-mb wind-speed composites presented in 3.5 and in appendix J serve as the 
basis for the following discussion. Appendix K shows all seasonal jet axes for El 
Nino and other years. Appendix 0  shows the 24 individual, winter, 250-mb wind- 
speed maps from winter 1966 to 1989. All analyses were done on the south jet. 
As the first step in calculating displacement, axes of maximum wind speed were 
subjectively drawn for each individual season, including a winter-plus-spring season 
and a winter year, from winter 1966 (December 1965-February 1966) to spring 1989 
(March 1989-May 1989). The individual seasonal axes for the five El Nino winters 
and 19 non-El Nino winters appear in Figs. 4.1 and 4.2. Figs. 4.3 and 4.4 show 
the six El Nino-spring axes and 18 non-El Nino-spring axes. Figs. 4.5 and 4.6 show 
the five El Nino, winter-plus-spring axes and 19 non-El Nino, winter-plus-spring 
axes. The next step in gauging jet displacement was to establish standard places at 
which to measure jet position. Ten longitudinal transects were arbitrarily chosen 
from 110° to 75°W, every five degrees of longitude, with two more, one at the west 
and one at the east edge of the gulf. The third step was to calculate the 24-season 
mean point at which the south jet intersected each transect, per season. Finally, for 
each year, the displacement of each seasonal mean’s actual point of intersection from 
the 24-season, mean intersection point was calculated. The order of subtraction is 
such that north displacement is positive; south displacement is negative. Having 
thus generated for each season, a list of 24 positive and negative displacements in 
kilometers, each list was separated into El Nino and non-El Nixio subsets and the 
rank sum test, described in 2.1.6, was used to determine if the displacements of 
the south jet from the 24-season mean differed in a statistically significant manner
ALL EL NINO WINTER SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure 4.1: 250-m b jet axes, five El Nino winters from 1966-89.
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Figure 4.2: 250-m b je t axes, 19 non-E l Nino winters from 1966-89.
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ALL EL NINO SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
BASED ON 250  MB WIND SPEED
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Figure 4.3: 250-m b jet axes, six El Nino springs from 1966-89.
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Figure 4.4: 250-m b je t axes, 18 non-E l Nino springs from 1966-89.
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ALL EL NINO WINTER+SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure 4.5: 250-m b jet axes, five El Nino w in ter-p lu s-sp rin g s from 1966—89.
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ALL N O N -EL NINO WINTER+SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure 4.6: 250-m b je t axes, 19 non-E l Nino w in ter-p lu s-sp rings from  1966-89.
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between El Nino and non-El Nino years. The statistical significance of the El Niiio- 
year displacements depends not only on their magnitude, but on the variability 
in the jet position over 24-year term. Where the position of the jet ranges widely, 
displacements must be quite large to be significant. As with the storm counts, there 
were less than 31 data points, and unequal numbers of years in each list, so the 
T2 statistic, 2.1.6, was evaluated, not z and not T. Significance was obtained from 
tables in Snedecor and Cochran (1980) and Verdooren (1963). Confidence criteria 
were adjusted, made more stringent, to account for additive probabilities of error, 
as in the division data. For example, to test for significance at the .02 level, one uses 
not T.o2 , hut T 0 2 /ioj or T.oo2 > dividing by 10, the number of times the test is used, 
i.e., at 10 transects. La Nina and non-La Nina differences were sought in the same 
manner. Tables 4.1 and 4.2 contain rank sum test results for El Nino and La Nina 
tests, respectively. The statistically significant results of the rank sum tests, that 
is, those significant at the .20 confidence level or better, appear in Table 4.3 and 
again, graphically, in Figs. 4.7 and 4.8, for El Nino and La Nina tests, respectively.
Table 4.1: Location of the seasonal mean jet stream (250-mb speed maximum) in 
El Nino and non-El Nino years, 1966 to 1989: results of the rank sum test for 
differences between two groups on the north or south displacement of the seasonal 
mean jet stream in El Nino years versus all other years, 1966 to 1989. In each 
case, the displacement is taken from a base line that is the seasonal mean axis of 
the 250-mb jet in all 24 years. The displacement is measured at ten north-south 
transects, west longitudes 110° ,105°, 100°, 97°, 95°, 90°, 85°, 82°, 80°, and 75°. 
Displacement is listed in kilometers. North displacement is taken as positive; south 
displacement is taken as negative. The position of the jet was determined from 
contoured maps of the wind speed at 250 mb. The wind speeds are largely National 
Meteorological Center (NMC) data, and are all taken from a CD-ROM compiled by 
the University of Washington, Department of Atmospheric Sciences (Department 
of Atmospheric Sciences 1991). Significance is obtained from tabled values of T2 §, 
derived from the T (or W or U) statistic because the total number of observations is 
less than 31, there being five or six El Nino seasons and 18 or 19 other seasons in the 
data analyzed (Verdooren 1963). For sample size of 5 and 19, the null hypothesis 
can be rejected at the .02 confidence level for values of the T2 statistic less than or 
equal to 22, (double dagger) and it can be rejected at the .20 confidence level for 
values of the T2 statistic less than or equal to 30. Lower confidence levels, .10 and 
.20 are indicated by 1 or 2. Confidence criteria are adjusted for multiple use of the 
test on one field (Snedecor and Cochran 1980, p. 166)._________________
Longitude Time T2 §
Displacement (km) 
El Nino Other
#  of Events 
El Nino Other
110° W est
winteryear 1965-87 30 -392 109 5 18
winter+spring 1966-89 33 -161 43 5 19
winter 1966-89 48 -247 65 5 19
spring 1966-89 53 -187 63 6 18
summer 1965-88 50 -153 40 5 19
fall 1965-88 61 -149 40 5 19
105° W est
winteryearf 1965-87 20 -424 118 5 18
winter+spring1 1966-89 24 -268 71 5 19
winter 1966-89 45 -217 57 5 19
spring 1966-89 43 -238 80 6 18
summer 1965-88 60 -36 10 5 19
fall 1965-88 61 -67 18 5 19
100° W est
winteryearf 1965-87 18 -490 137 5 18
winter+spring'1 1966-89 25 -319 84 5 19
winter 1966-89 43 -200 53 5 19
spring 1965-88 43 -275 92 6 18
summer 1965-88 56 6 -2 5 19
fall 1965-88 62 -41 11 5 19
Table 4.1: continued.
Displacement (km) #  of Events
Longitude Time T2 § El Nino Other El Nino Other
97° W est Western Edge of the Gulf of Mexico
winteryearj 1965-87 21 -516 144 5 18
winter+spring-2 1966-89 28 -308 81 5 19
winter 1966-89 40 -224 59 5 19
spring 1966-89 45 -306 102 6 18
summer 1965-88 47 51 -13 5 19
fall 1965-88 61 -67 18 5 19
95° W est
winteryearf 1965-87 21 -522 145 5 18
winter+spring 1966-89 33 -290 76 5 19
winter 1966-89 41 -229 60 5 19
spring 1966-89 45 -323 108 6 18
summer 1965-88 41 98 -26 5 19
fall 1965-88 58 -109 29 5 19
90° W est
winteryear1 1965-87 24 -454 126 5 18
winter+spring 1966-89 32 -308 81 5 19
winter 1966-89 40 -249 66 5 19
spring 1966-89 49 -305 102 6 18
summer 1965-88 53 47 -12 5 19
fall 1965-88 53 -150 40 5 19
85° W est
winteryear-2 1965-87 28 -386 107 5 18
winter+spring 1966-89 34 -347 92 5 19
winter 1966-89 39 -270 71 5 19
spring 1966-89 53 -254 85 6 18
summer 1965-88 61 31 -8 5 19
fall 1965-88 58 -142 37 5 19
82° W est Eastern Edge of the Gulf of Mexico
winteryear-2 1965-87 29 -333 93 5 18
winter+spring 1966-89 34 -356 94 5 19
winter 1966-89 36 -286 75 5 19
spring 1966-89 55 -242 81 6 18
summer 1965-88 58 4 -1 5 19
fall 1965-88 58 -143 38 5 19
Table 4.1: continued.
Displacement (km) #  of Events
Longitude Time T2 § El Nino Other El Nino Other
80° W est
winteryear 1965-87 31 -296 82 5 18
winter+spring 1966-89 35 -354 93 5 19
winter 1966-89 36 -246 65 5 19
spring 1966-89 56 -254 85 6 18
summer 1965-88 62 -5 1 5 19
fall 1965-88 59 -125 33 5 19
75° W est
winteryear 1965-87 38 -212 59 5 18
winter+spring 1966-89 40 -340 90 5 19
winter 1966-89 38 -210 55 5 19
spring 1966-89 63 -196 65 6 18
summer 1965-88 56 -46 12 5 19
fall 1965-88 60 -69 18 5 19
Notes:
§: T2 Statistic = Number of X observations * (Number of X observations + Number 
of Y observations +  1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Nino or La Nina years.
f : indicates null hypothesis can be rejected at the .02 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
Table 4.2: Location of the seasonal mean jet stream (250-mb speed maximum) in 
La Nina and non-La Nina years, 1966 to 1989: results of the rank sum test for 
differences between two groups on the north or south displacement of the seasonal 
mean jet stream in La Nina years versus all other years. In each case, the displace­
ment is taken from a base line that is the seasonal mean axis of the 250-mb jet in 
years. The displacement is measured at ten north-south transects, west longitudes 
110° ,105°, 100°, 97°, 95°, 90°, 85°, 82°, 80°, and 75°. Displacement is listed in 
kilometers. North displacement is taken as positive; south displacement is taken 
as negative. The position of the jet was determined from contoured maps of the 
wind speed at 250 mb. The wind speeds are largely National Meteorological Cen­
ter (NMC) data and are all taken from a CD-ROM compiled by the University 
of Washington, Department of Atmospheric Sciences (Department of Atmospheric 
Sciences 1991). Significance is obtained from tabled values of T2 §, derived from 
the T (or W or U) statistic because the number of observations in each set is less 
than 31, there being four to six La Nina seasons and 18 or 19 other seasons in the 
period analyzed (Verdooren 1963). For sample size of 5 and 19, the null hypothesis 
can be rejected at the .02 confidence level for values of the T2 statistic less than or 
equal to 22, and it can be rejected at the .20 confidence level for values of the T2 
statistic less than or equal to 30. Lower confidence levels, .10 and .20 are indicated 
by -1 or 2. Confidence criteria are adjusted for multiple use of the test on one field
Displacement (km) #  of Events
Longitude Time T2 § La Nina Other La Nina Other
110° W est
winteryear 1965-87 32 326 -68 4 19
winter-f spring 1966-89 48 118 -31 5 19
winter 1966-89 49 355 -93 5 19
spring 1966-89 53 275 -91 6 18
summer 1965-88 42 209 -55 5 19
fall 1965-88 62 219 -57 5 19
105° W est
winteryear 1965-87 28 338 -71 4 19
winter+spring 1966-89 41 182 -48 5 19
winter 1966-89 43 387 -102 5 19
spring 1966-89 47 265 -88 6 18
summer 1965-88 39 156 -41 5 19
fall 1965-88 60 124 -32 5 19
100° W est
winteryear 1965-87 33 305 -64 4 19
winter+spring1 1966-89 25 283 -74 5 19
winter'2 1966-89 30 249 -65 5 19
spring'2 1965-88 38 329 -109 6 18
summer 1965-88 37 159 -42 5 19
fall 1965-88 62 40 -10 5 19
Table 4.2: continued.
Displacement (km) #  of Events
Longitude Time T2 § La Nina Other La Nina Other
97° W est Western Edge of the Gulf of Mexico
winteryear 1965-87 34 258 -54 4 19
winter+spring1 1966-89 26 335 -88 5 19
winter 1966-89 31 277 -73 5 19
spring1 1966-89 37 349 -116 6 18
summer 1965-88 38 162 -42 5 19
fall 1965-88 57 31 -8 5 19
95° W est
winteryear 1965-87 32 259 -54 4 19
winter+spring'1 1966-89 26 366 -96 5 19
winter-2 1966-89 29 296 -78 5 19
spring 1966-89 41 350 -116 6 18
summer 1965-88 43 145 -38 5 19
fall 1965-88 62 -18 5 5 19
90° W est
winteryear 1965-87 30 234 -49 4 19
winter+spring-1 1966-89 26 367 -96 5 19
w inter1 1966-89 25 345 -92 5 19
spring 1966-89 47 344 -115 6 18
summer 1965-88 45 136 -36 5 19
fall 1965-88 60 -4 1 5 19
85° W est
winteryear 1965-87 30 228 -48 4 19
winter+spring1 1966-89 26 386 -101 5 19
w inter1 1966-89 26 350 -92 5 19
spring 1966-89 47 342 -114 6 18
summer 1965-88 43 125 -33 5 19
fall 1965-88 60 -4 1 5 19
82° W est Eastern Edge of the Gulf of Mexico
winteryear 1965-87 28 234 -49 4 19
winter+spring1 1966-89 27 380 -100 5 19
w inter1 1966-89 24 380 -100 5 19
spring 1966-89 50 324 -108 6 18
summer 1965-88 45 139 -37 5 19
fall 1965-88 61 8 -2 5 19
Table 4.2: continued.
Displacement (km) #  of Events
Longitude Time T2 § La Nina Other La Nina Other
80° W est
winteryear 1965-87 29 205 -43 4 19
winter+spring-1 1966-89 25 381 -100 5 19
winter J 1966-89 22 374 -98 5 19
spring 1966-89 52 311 -103 6 18
summer 1965-88 40 141 -37 5 19
fall 1965-88 62 16 -4 5 19
75° W est
winteryear 1965-87 35 133 -28 4 19
winter+spring1 1966-89 26 384 -101 5 19
w inter1 1966-89 25 360 -95 5 19
spring 1966-89 56 244 -81 6 18
summer 1965-88 42 110 -29 5 19
fall 1965-88 62 5 -1 5 19
Notes:
§: T2 Statistic =  Number of X observations * (Number of X observations + Number 
of Y observations + 1) - Sum of the ranks of the X observations. The X observations 
are the smaller set, the El Niiio or La Nina years.
t  : indicates null hypothesis can be rejected at the .02 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
Table 4.3: Displacement of the seasonal mean jet stream at gulf-region transects, 
1966-89: summary of all displacements significant at the .20 or better confidence 
level. Confidence criteria adjusted for multiple use of the test (Snedecor and
Cochran 1980, p. 166). A blank indicates the parameter was 
the .20 level or better.
not signifies
El Nino La Nina
Season Displacement Conf. Displacement Conf. Time
km Level km Level
105° W est
Winter year -424 .02 1966-89
W inter+spring -268 .10 1966-89
100° W est
Winter year -490 .02 1966-89
Winter+spring -319 .10 283 .10 1966-89
Winter 249 .20 1966-89
Spring 329 .20 1966-89
97° W est, Western edge of Gulf of Mexico
Winter year -516 .02 1966-89
W inter+spring -308 .20 335 .10 1966-89
Spring 349 .10 1966-89
95° W est
Winter year -522 .02 1966-89
Winter+spring 366 .10 1966-89
Winter 296 .20 1966-89
90° W est
Winter year -454 .10 1966-89
Winter+spring -308 .05 367 .10 1966-89
Winter 351 .10 1966-89
85° W est
Winter year -386 .20 1966-89
Winter+spring 386 .10 1966-89
Winter 350 .10 1966-89
82° W est, Eastern edge of Gulf of Mexico
Winter year -333 .20 1966-89
W inter+spring 380 .10 1966-89
Winter 380 .10 1966-89
80° W est
Winter+spring 381 .10 1966-89
Winter 374 .02 1966-89
75° W est
Winter+spring 384 .10 1966-89
Winter 360 .10 1966-89
The 250-mb level, mean speed maximum over the southern United States, the 
’south je t’, is shifted south in El Nino winters between 110° and 75°W, by amounts 
of 200 to 285 km (125 to 180 mi) from the mean position of the south jet in all 24 
winters, Fig. 4.9 and Table 4.1. These south displacements are not significant, even 
at the .20 confidence level. In El Nino winter years, however, the displacement is 
significant at the .20 level or better between 105° and 82°W, being .02 significant 
over the western half of this span, from 105° to 95°W. In winter-plus-spring, south 
displacement is significant at the .20 level or .10 level between 105° and 97°W. Aver­
aging on a winter-year basis, however, mixes the polar-front jet and the subtropical 
jet more than just averaging on a winter-season basis. The fact that .02-significant 
displacements occur only on a winter-year basis, implies that the polar-front jet is 
more affected by El Nino events than the subtropical jet. This is consistent with 
Krishnamurti’s (1961) report that the position of the subtropical jet varies little. 
The south jet is displaced even further south in El Nino springs, compared to non- 
El Nino-springs, by as much as 325 km (205 mi) at 95°W, but the displacement 
is not significant, even at the .20 level. Largest displacements are clustered near 
the location of the seasonal core, or speed maximum, of the south jet. In El Nino 
winters, when the jet core is centered on 70°W, Fig. 3.13, large south displacements 
are observed on the east side of the gulf area. In El Nino springs, when the core is 
far to the west, centered on 98°W, up against the east flank of the southern Rocky 
Mountains, large displacements are observed on the west end of the area, Fig. 4.10.
In La Nina winters, the average south jet is located north of the 24-winter mean, 
between 100° and 75°W, by 250 to 385 km (155 to 240 mi); displacement is signifi­
cant at the .20 level or better, Fig. 4.8 and Table 4.2. At 80°W, north displacement 
is .02-significant during La Nina winters. La Nina-spring displacements are signif­
icant at the .10 or .20 levels only over the western gulf, between 100° and 97°W,
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Fig. 4.8. Winter-plus-spring results are left off Fig. 4.8, for clarity, however, north 
displacements are significant at the .10 or .20 level between 100° and 75°W. Many 
seasonal average displacements in La Nina years are actually larger than in El Nino 
years.
It should be emphasized that the increase in the number of frontal-wave cyclones 
originating in the gulf area in El Nino years was significant at either the .01 or .05 
level in winter years and in the winter season, and at the .20 level in winter-plus- 
spring. On a winter-year basis, the south jet is significantly farther south, at the 
.02, .10, or .20 confidence level, which matches well with the winter-year storm 
increase. The south shift over the west gulf, during the combined season, winter- 
plus-spring, significant at the .10 or .20 level, matches the storm increase then, 
which is significant at the .20 level. Table 4.4 tabulates these correspondences 
for El Nino and La Nina years. In the winter season the south displacement is 
not significant even at the .10 or .20 confidence level. This does not match the 
increased winter-storm frequency in El Nino years, which is significant at the .01 
level. The El Nino-winter jet displacement is only significant in the .30 confidence- 
level range, which generally is not ’good enough’. The forcing provided by the jet, 
however, depends on intensity, and so, only indirectly on position. The El Nino- 
winter, average, south jet is intensified by 5 to 10 ms-1 over the gulf region, Fig. 
3.15, although no tests of significance were performed on intensification.
Accepting as important the lack of even .20-significant results for the winter jet 
displacement, requires an explanation for the lack of an increase in storms in El Nino 
springs, when the south jet is similarly farther south, although not .20-significant 
either. What is the difference between El Nino winters and El Nino springs, such 
that winter, but not spring, storms are more common in El Nino years, given that 
both seasons have an equally significantly south-displaced jet? In fact, there are
Table 4.4: Correspondence between seasonal jet displacement between 1966 and 
1989, and frontal-wave cyclone increase or decrease in winter, spring, winter year, 
and winter-plus-spring between 1961 and 1990.__________________________
Season Storm Increase Jet Southward Fit
Level of Significance Level of Significance
El N ino vs N on-E l N ino
Winter .01 Not Signif. Bad
Spring Decreased, Not Signif. Not Signif. Ok
Winter+Spring .20 .10 or .20, West only Ok
Winter year .05 .02 West; .10 or .20 East Good
La N ina  vs N on-L a N ina
Season Storm Decrease Jet Northward Fit
Level of Significance Level of Significance
Winter .01 .10 or .20 Good
Spring Increased, Not Signif. .10 or .20, West only Ok
Winter-!-Spring .05 .10 or .20 Good
Winter year .05 Not Signif. Bad
fewer storms in El Nino springs than in non-El Nino springs, Table 2.1, but the 
decrease is not significant at any reasonable level.
First, over the gulf area, the south jet is not as much intensified in El Nino 
springs relative to non-El Nino springs, Fig. 4.11, as it is in El Nino versus non-El 
Nino winters, Fig. 3.15. The El Nino-spring intensification over the gulf is less than 
5 ms-1 while the El Nino-winter intensification is 5 to 10 ms-1 . Even in absolute 
terms, the mean, 250-mb south jet is not as strong in El Nino springs as in El 
Nino winters, 33 ms-1 compared to 45 ms-1 , respectively, Figs. 4.10 and 3.13. 
The zone of maximum intensification in El Nino springs is farther south than in El 
Nino winters, being over Central America and the adjacent Pacific instead of over 
the southern United States and the Gulf of Mexico; compare Figs. 4.11 and 3.15. 
In El Nino springs there is not the pattern of intensification of the south jet and 
weakening of the north jet that is present in winter, so there is less added cyclonic 
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Further explanation for the lack of an increase in cyclogenesis during El Niiio- 
springs compared to non-El Nino springs can be found from an inspection of a 
composite map of the El Nino-spring, divergence field at 250 mb, Fig. 4.12. There 
is a strong zone of convergence situated over the western Gulf of Mexico during El 
Nino springs that is three to four times stronger than the weak convergence found 
there during El Nino winters, -3.77x 10“6s-1 in spring compared to -l.Ox 10_6s_1 in 
winter, Fig. 3.16. This upper-level convergent zone in spring evidently suppresses 
storm formation in the western gulf, where the greatest concentration of cool-season 
storms form in any year, Figs. 2.25 and 2.26 and appendix P. Comparing the El 
Nino-spring, 250-mb divergence-difference map, Fig. 4.13, with the same for winter, 
Fig. 3.18, shows that while the upper-level divergence difference is more positive 
over all but the Bay of Campeche in El Nino winters, in El Nino springs the critical 
area over the northwest gulf is not more divergent, being rather strongly more 
convergent, by a difference of -l.Ox 10~6s-1 in El Nino springs.
Another possible factor in explaining the lack of an increase in spring storms 
in El Nino years, even though the jet is farther south, may involve the longitude 
spanned by the core of the south jet in El Nino winters as opposed to El Nino 
springs. Comparison of the 250-mb, El Nino-winter, wind-speed map, Fig. 3.13, 
with the same for El Nino springs, Fig. 4.10, shows the core of the jet in El 
Nino springs is shifted well to the west, at 98°W, against the east flank of the 
southern Rocky Mountains, relative to its mean position in El Nino winters at 
70°W. It appears the gulf is likely to be under an exit region (part 3.6.3) of any 
jet streak that may develop during El Nino springs, while in El Nino winters, the 
gulf is more likely to be under an entrance region. Based on this alone, one would 
expect more, not fewer, storms in El Nino springs than in El Nino winters, due to 
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perhaps the longitudinal position of the jet core in El Nino winters is such that 
the pairing (the vertical motions from rear to fore) between the entrance region 
over the Gulf of Mexico and exit region over the U.S. southeast coast actively 
promotes the development of a family of wave cyclones behind the exit region. But 
in El Nino springs, the territory spanned by the jet core may be such that the 
pairing is somehow disconnected or weakened, perhaps by the strong, 250-mb level 
convergence zone over the west gulf in El Nino springs, or by passage of the jet 
over the southern Rocky Mountains, with the net effect of starving the exit-region, 
divergence zone. This is purely speculative.
For the La Nina years, the correspondence between a north-displaced jet and 
gulf-area storm suppression is good in winter and in the combination season, winter- 
plus-spring. That is, in winter and in winter-plus-spring of La Nina years, there are 
statistically fewer storms than in non-La Nina years, significant at the .01 or .05 
confidence level. In these seasons, the south jet is displaced northward, statistically 
significant at the .10 or .20 confidence level. As in El Nino years versus non-El 
Nino years, there is an unexpected situation in spring. In La Nina springs, while 
the jet is farther north, there are not fewer storms than in non-La Nina springs, 
Table 4.4. In fact, counter to the trend, there are actually a few more storms in La 
Nina springs than in non-La Nina springs, Table 2.2, although the increase is not 
significant by any reasonable criterion. Compare Fig. 4.14, a composite map of La 
Nina-spring, 250-mb divergence to Fig. 4.15, the 250-mb divergence field for non-La 
Nina springs. The La Nina-spring map shows some convergence at the 250-mb level 
over the west gulf, -2.0x 10"6s-1 , Fig. 4.14, but in non-La Nina springs, the area 
is much more strongly convergent, -3.25x 10_6s_1, Fig. 4.15. This explains why 
there are not fewer storms in La Nina springs than in 11011-La Nina springs. The 
upper-level convergence over the ’storm machine’ of the western gulf is actually
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somewhat diminished in La Nina springs as compared to non-La Nina springs, 
allowing more cyclogenesis in La Nina springs than in non-La Nina springs. (Note 
that the strong convergence zone in the western gulf just cited in non-La Nina 
springs, -3.25x 10_6s_1, is essentially the same as the one mentioned previously in 
El Nino springs, -3.75xl0-6s_1, in as much as the El Nino springs are a subset of 
the non-La Nina springs.)
4.2 H eight and T em perature at C onstant-P ressure  
L evels, 1963-89
Up to this point, it seems fairly certain that in El Nino winters between 1961 
and 1990 there are more storms in the gulf area and that a south-displaced and 
strengthened south jet is at least part of the cause, through provision of upper- 
level divergence associated with an upper-level trough behind the jet. It was stated 
in part 3.6.3 that the upper-level divergence can reinforce nascent cyclones at the 
surface or initiate them in the presence of a surface front or baroclinic zone. The 
upper-level divergence does this by causing compensating surface convergence and 
pressure drop as air is drawn upward to replace air diverging outward at the jet 
level. That this is actually occurring will be supported if it can be shown that 
the troughing at the surface is continuous in the vertical through intermediate 
levels and up to jet level. Finally, it will need to be shown that the foregoing is 
more pronounced or common in El Nino winters than in non-El Nino winters, if a 
causal role for the jet is to be supported in increased, El Nino-winter, gulf-region 
cyclogenesis. To this end, composite maps of height and temperature for El Nino 
and non-El Nino winters are presented for the 850-, 700-, 500-, and 200-mb levels. 
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Table 4.5: Average, gulf-region, winter differences in mean sea-level and in the 
height and temperature of four constant-pressure levels between El Nino and non-El 
Nino winters, 1963-89.____________________________________________________------- ------— »
Level
mb
Range of Differences 
over Gulf, in 
El Nino W inters 
mb, m  or °C
Range of Real Values 
over Gulf in 
El Nino Winters 
mb, m  or °C
Range of Differences 
over Gulf as Percent 
of Actual Values 
over Gulf
M S L  P r e s s .I  -1.0 to -0.5 mb 1014.0 to 1020.Omb 
A =6.0m b
-17 to -8%
8 5 0  H e ig h t -10m
(constant)
1500 to 1550m  
A = 50m
-20%
850  T em p -1.0 to 0.0° 6.0 to  16.0° 
A = 10 .0°
-10 to  0%
700 H e ig h t -10m
(constant)
3075 to 3150m  
A = 75m
-13%
500  H e ig h t -20 to Om 5700 to 5850m  
A = 150m
-13 to 0%
500 T em p -0.8 to + 1 .0° -16.0 to -7.0° 
A = 9 .0°
-9 to +11%
200 H e ig h t -15 to +50m 12 000 to 12 350m  
A = 350m
-4 to +14%
MSL pressure and 500-mb height data are from 1947 to 1989.
Some of the most relevant information presented in the following 18 maps is 
extracted in Tables 4.5 and 4.6. Table 4.5 shows the height and temperature differ­
ences over the gulf region in El Nino winters as a percentage of the range of actual 
values of height and temperature over the gulf area in El Nino winters. For height 
fields, this expresses the difference as a percent of the local relief of the surface in 
El Nino winters. The same is done for the temperature fields. Table 4.6 shows the 
same information for the Aleutian low, as a yardstick, in as much as it is the region 
of maximum change on the map. Changes in the Aleutian low are also relevant, 
because as the following maps demonstrate, the negative height and temperature 
differences over the gulf area in El Nino winters are the periphery of larger negative 
differences over the Aleutian low.
Table 4.6: Average, Aleutian low, winter differences in mean sea-level and in the 
height and temperature of four constant-pressure levels between El Nino and non-El 
Nino winters, 1963-89._______ _______________________________________
Level Range o f Differences 
over Aleutian Low, 
El Nino W inters 
m b, m  or °C
Range of Real Values 
over A leutian Low, 
El Nino Winters 
mb, m  or °C
Range of Differences 
over Aleutian Low as 
% o f Actual Values 
over Aleutian Low
M S L  P r e s s .f  -5.8 to -1.0 mb 998.8 to 1018.Omb 
A =19.2m b
-30 to -5%
8 5 0  H e ig h t -47 to -10m 1300 to 1500m  
A = 200m
-24 to -5%
8 5 0  T em p -1.8 to -0.4° -6.0 to +2.0°  
A = 8.0°
-23 to -5%
700  H e ig h t -56 to -20m 2800 to 3050m  
A = 250m
-22 to -8%
500  H e ig h t -71 to -20m 5300 to 5650m  
A = 350m
-20 to -6%
500 T em p H-* o < o bo 0 -30.0 to -20.0° 
A =10.0°
-17 to -8%
200  H e ig h t -90 to -30m 11 400 to 11 800m  
A = 400m
-23 to -8%
f: MSL pressure and 500-mb height data are from 1947 to 1989.
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4.2.1 Interpretation of Height and Temperature Maps
In the following height fields mapped for constant-pressure levels, a lower height 
indicates troughing and implies convergence. This can be understood by considering 
the intersection of the pressure surface with a horizontal plane, and imagining the 
pressure surface projected onto it, making a topographic map on the horizontal 
plane. On the horizontal plane, or map, pressure is lowest in the middle of a 
topographic low in the constant-pressure surface. Air will spiral in toward the 
center. If air from all levels below, such as from the ground up to the plane, was 
also spiraling inward, and in this example, necessarily rising, then at the plane under 
study, the converging air must also rise. Colder temperatures should accompany the 
lows, because temperature decreases with height, between the planetary boundary 
layer and the tropopause.
In the following height- and temperature-difference maps, the order of subtrac­
tion is the same as used in part 3.2.3, El Nino minus non-El Nino, (3.8). The 
order is chosen such that a negative difference indicates a lower average height or 
a cooler average temperature in El Nino winters than in non-El Nino winters. Pos­
itive or negative height differences (or temperature differences) are with respect to 
conditions at a particular area between El Nino and non-El Nifio years, and not 
to neighboring areas on the same map. For example, places with negative temper­
ature differences are not necessarily cooler than places with positive temperature 
differences.
4.2.1.1 W hy Work on C onstant-Pressure Surfaces?
The height and temperature maps, as nearly all the preceeding maps, are on iso- 
baric, or constant-pressure surfaces. Most meteorological analysis is done on iso-
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baric surfaces rather than on surfaces of constant height because of computational 
advantage. For example, calculation of the geostrophic wind on isobaric surfaces 
can be done without a density term, an advantage since density varies with height 
and pressure (Hess 1959). Working at a constant height, z, the geostrophic wind 
equations are
*  = <41)
Ug =
_L_frP 
p f  dy
where the subscript, g, denotes the geostrophic part of the u or v component of 
the wind; the notation, |2, means holding z, height, constant; p is density; f is the 
Coriolis parameter; 2flsin^>; P is pressure. Using the hydrostatic equation
P  = pgz  (4.2)
to express the horizontal pressure gradient (change in pressure per unit horizontal 
distance, x or y)
9 P  dz
ai' = p s e i  (4'3)
d P  dz
dy 99  dy
and substituting the new expression for the horizontal pressure gradient into the 
geostrophic wind equation, (4.1) becomes, on a constant-pressure surface,
9 9z
f d x ' p
(4.4)
9  9z
Ug f  d y lp
where the notation, |p, means holding pressure constant.
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4.2.2 Mean Sea-Level Pressure: El Nino and Non-El Nino 
W inters, 1947-1989.
Fig. 3.7 showed that mean sea-level pressure in the gulf area is -1.0 to -0.5 mb lower 
in El Nino winters than in non-El Nino winters, or -17 to -8% of the 6.0 mb range of 
values over the gulf region in El Nino winters, 1014.0 to 1020.0 mb. For comparison, 
the difference between El Niiio and non-El Nino winters in mean sea-level pressure 
at the Aleutian low ranges from -5.8 to -1 mb, or -30 to -5% of the 19.2 mb range 
over the core of the low. The greatest negative differences in the mapped area 
occur at the Aleutian low, while the maximum positive differences occur at the 
Davis Strait. The drop in mean sea-level pressure in El Niiio winters appears to be 
part of a larger drop at the Aleutian low. This pattern will be repeated in all the 
following maps.
4.2.3 850-mb Height: El Nino and Non-El N iiio W inters, 
1963-1989.
Fig. 4.16 shows the difference in heights of the 850-mb surface between El Niiio 
winters and non-El Niiio winters. Figs. 4.17 and 4.18 show the actual, winter, 
average heights for El Nino and non-El Niiio winters, respectively. Total relief over 
the entire map is only 300 m (985 ft). Northern North America has a positive 
height difference, while the adjacent parts of the Atlantic and Pacific Oceans and 
the Gulf of Mexico have a negative height difference, or drop, in El Niiio winters.
A height drop of -10 m (-33 ft) is fairly uniform over the gulf area, Fig. 4.16. It 
appears to be an outlier of a greater height drop, maximally -47 m (-155 ft), over 
the Aleutian low. The region of lower heights over the gulf connects the drop over 
the Aleutian low to a smaller drop over the Icelandic low. The height field is flat 
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of the 50 m (165 ft) range of actual average values over the gulf region, or 50 m 
local relief, the -10 m height difference is -20% of the local relief. For comparison, 
the average height differences over the Aleutian low, -47 to -10 m, are -24 to -5% of 
the range of actual values there, 200 m, this range being subjectively determined 
over the core, sharpest-gradient portion of the low. Expressed as a percent of local 
relief, the drop over the gulf is substantial, on the same order of magnitude as the 
drop over the most-affected area of the map, the Aleutian low.
4.2.4 850-mb Temperature: El Nino and Non-El Nino
W inters, 1963-1989.
Fig. 4.19 shows the difference in temperature between El Niiio and non-El Niiio 
winters, and Figs. 4.20 and 4.21 show the actual temperature fields. Canada and 
the eastern United States show a warming in El Niiio winters. Maximum warming, 
over Hudson Bay, is -f-3.7°C, Fig. 4.19. The eastern north Pacific, western United 
States, and Mexico show a cooling, -2°C. Maximum cooling is at the Icelandic low, 
-2.7°C. The range of average, El Niiio-winter temperatures over the entire map is 
19.7 to -25.0°C. Over the Gulf of Mexico, temperatures range from 8 to 16°C. In 
El Niiio winters the average 850-mb temperature is -1.0 to 0°C cooler over the gulf 
area. This is -10 to 0% of the range over the gulf area in El Niiio winters. For 
comparison, the air over the Aleutian low is on average, -0.4 to -1.8 °C cooler in El 
Niiio winters than in non-El Niiio winters. This is -23 to -5% of the 8 C° range of 
temperatures found in that area in El Niiio winters.
Temperature contours over the gulf in both winter types are nearly zonal, but 
there is a barely-perceptible (at this scale) west-northwest tilt in non-El Nino win­
ters, Fig. 4.21, indicating slightly warmer air, not more than +0.5°C, over the 
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and 4.20. At the 850-mb level, air over the western gulf region is -1.0 to 0.0°C cooler 
in El Niiio winters than in non-El Nino winters, Fig. 4.19. This does not mean that 
air at the 850-mb level is cooler over the western gulf than over the eastern gulf in 
El Niiio winters. Because of the small magnitude of the cooling in the air over the 
west gulf, -0.4°C in El Niiio winters, the drop likely means that the slight west to 
east temperature decrease of normal years is eroded or erased in El Niiio winters.
At the 850-mb level, the gulf region is located within the zone of average El 
Nino-winter cooling, but it is near the edge. Areas of average warming are not 
too far away. Individual variations on this average pattern can explain why the 
December 1991 to February 1992 El Niiio winter was not cooler (based on the 
author’s subjective observations) than a typical non-El Niiio winter in the gulf 
area, as the temperature results presented in 2.3.1 would lead one to expect.
Similarly, the Denver, Colorado area, 40°N, 105°W, is located under a sharp gra­
dient of 850-mb temperature differences. On the average, El Nino-winter, warming 
occurs from the Montana-Wyoming border northward; cooling is observed south 
of there, including in the Denver area, Fig. 4.19. Allowing for variations on this 
average pattern, that is, variations in where the line between average cooling and 
warming in a particular El Nino winter will fall, Fig. 4.19 is consistent with anec­
dotal evidence (D. Nummedal, 1992, personal communication), that during the El 
Niiio winter of December 1991 to February 1992 northern Colorado experienced 
warm temperatures and fewer snow storms than did southern Colorado.
4.2.5 700-mb Height: El Nino and Non-El Nino W inters,
1963-1989.
Fig. 4.22 shows the 700-mb level height differences between El Nino and other 
winters. Figs. 4.23 and 4.24 show the actual height fields in El Niiio and non-El
Nino winters. The same pattern as shown by the 850-mb level height maps is 
evident. That is, there is a strong negative difference centered over the Aleutian 
low, extending southeastward covering the gulf area, and a second, weaker, negative 
difference over the Icelandic low, Fig. 4.22. Much of northeastern North America 
has a higher 700-mb level in El Niiio winters than in non-El Niiio winters. The 
maximum increase is +27 m (+90 ft) over Hudson Bay, just as for the 850-mb 
level. The height field is almost flat over the gulf area, with 50 m (165 ft) relief, 
lying between 3100 and 3150 m (10 170 to 10 330 ft), Fig. 4.23. The height drop 
over the gulf area is a fairly uniform -10 m (-33 ft), or -13% of the relief, Fig. 4.22. 
For comparison, the average height drop over the Aleutian low ranges from -56 to 
-20 m (-185 to -65 ft), and this is -22 to -8% of the relief.
4.2.6 500-mb Height: El Nino and Non-El Nino W inters,
1947-1989.
Fig. 4.25 shows the difference in the height of the 500-mb surface between El Nino 
and other winters. Figs. 4.26 and 4.27 show the actual heights in El Nino and non- 
El Niiio winters. The pattern observed at lower levels is almost repeated. Lower 
average height over the Aleutian low and higher height over northeastern North 
America. At this level, however, the smaller negative differences seen at lower 
levels over the Icelandic low are not replicated. Heights in El Niiio winters are 
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differences over the gulf area range from -20 to 0 m (-65 to 0 ft), Fig. 4.25. This 
is -13 to 0% of the local relief of 150 m (500 ft) on the 500-mb surface. The 500- 
xnb height lies between 5700 and 5850 m (18 700 to 19 200 ft) locally, in El Nino 
winters, Fig. 4.26. For reference, the average height drop in El Nino winters over 
the Aleutian low ranges from -71 to -20 m (-230 to -65 ft), which is -20 to -6% of 
the relief on the 500-mb surface over the low.
4.2.7 500-mb Temperature: El Nino and Non-El Nino
W inters, 1963-1989.
Fig. 4.28 shows the difference in temperature at the 500-mb level between El Nino 
and non-El Nino winters. Figs. 4.29 and 4.30 show the actual temperature fields 
in El Nino and non-El Nino winters, respectively, between 1963 and 1989. Note 
that the area of the gulf most critical to gulf cyclogenesis, the northwest-gulf ’storm 
machine’ is under an area of 500-mb temperature drop. It would seem that in order 
to influence gulf cyclogenesis, the El Nino-deepened, upper-level extension of the 
Aleutian low need only extend far enough southeastward to reach the northwest 
gulf. The average, 500-mb temperature difference over the gulf area, Fig. 4.28, 
ranges from -0.8 to +1.0°C. This is -9 to -fll%  of the 9°C range of gulf-region, 
average, 500-mb temperatures. (For reference, the Aleutian low area, has the max­
imum temperature drop on the map, -1.7 to -0.8°C, or -17 to -8% of the local 36°C 
range.) The difference is negative in the northwest and northern gulf and coastal 
plain, but positive southeast of there. The negative temperature differences to the 
northwest and the positive temperature differences over the remainder of the gulf 
area are an indication of the westward tilt of the upper-level extension of a surface 
trough. The three-dimensional core of depressed isobaric surfaces and cooler tem­
peratures tilts westward, back from a surface cyclone (Palmen and Newton 1969; 
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Figure 4.30: 500-m b tem pera tu re , winter, non-E l Nno years, 1963-89.
depressed temperatures and heights on all height- and temperature-difference maps 
is a manifestation of this tilt with height. Why the 500-mb height differences do 
not parallel the 500-mb temperature differences, being instead, everywhere negative 
over the gulf region, is unresolved. It may indicate a rise of warm surface air up 
the tropical side of the trough. Alternatively, the 500-mb level is near the level of 
non divergence, which may be important.
4.2.8 200-mb Height: El Nino and Non-El Nino W inters,
1963-1989.
Fig. 4.31 shows the difference in height of the 200-mb surface between El Nino and 
non-El Nino winters. Figs. 4.32 and 4.33 show the actual height fields for El Nino 
and non-El Nino winters. The 200-mb level is generally at or above jet level. The 
El Nino-winter, mean south jet (dashed line in Fig. 4.31) almost exactly tracks 
the edge of the region of height drop over the Aleutian low, and follows the zero- 
difference line over Mexico, the Gulf of Mexico, the east edge of the Gulf Stream, 
and the Icelandic low, which again displays a negative difference at this level, after 
showing positive differences at the 500-mb level. The subtropical jet stream is 
generally located at a vertical step in the tropopause, the tropopause stepping 
down poleward of the jet. The negative height differences to the north of the El 
Niho-winter, mean south jet, indicate an exaggeration of the normal step down-to- 
the-north in El Nino winters. This is intuitively consistent with the strengthening 
of the jet in El Nino winters, which in fact may cause the increased vertical step.
As seen in the 500-mb temperature difference, the 200-mb negative height dif­
ference centered over the Aleutian low extends toward the Gulf of Mexico, but only 
includes the northern coastal plain, Fig. 4.31. The 200-mb height difference over 
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Figure 4.33: 200-m b height, winter, non—El Nino years, 1963-89.
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-4 to -f 14% of the local relief of 350 m (1050 ft). (For comparison, the average 
height drops over the Aleutian low range from -90 to -30 m (-300 to -100 ft), or 
-23 to -8% of the 350 m (1150 ft) local relief.) Again, this is evidence of westward 
tilting with height of the core of maximum, negative height difference. Wallace 
and Hobbs (1977) provide an example of this at the 200-mb level. Petterssen (1956 
p. 350) shows a map of successive, 12-hourly, sea-level positions of the center of 
a Gulf of Mexico frontal-wave cyclone and associated surface fronts, along with 
the corresponding location of a 300-mb level trough axis. The upper-level trough 
always lags behind, is to the west of, the surface low-pressure center.
4.3 N ear-Surface C onditions, 850-m b
The three ingredients for increased cyclogenesis in El Nino winters are: a south- 
displaced, 250-mb level jet, a continuity of low-level troughing up through interme­
diate and upper levels, and surface conditions predisposed for storm formation. The 
850-mb level will be taken as proxy information for surface conditions. The 850-mb 
level is more convergent in El Nino winters than in non-El Nino winters, as shown 
in 3.3.3.2, Fig. 3.9. It was also shown in 3.2.4.1 that the winter, mean, 850-mb 
level winds are such that a small southerly component exists over the Caribbean, 
southwest of Cuba, in El Nino winters. This is absent (in the seasonal mean) in 
non-El Nino winters, when winds in that area are nearly due east, Figs. 3.1-3.3. 
The adjacent region of the Atlantic has a reinforcing southerly wind difference dur­
ing El Nino winters. It was suggested that the added, southerly component, though 
small, allows advection of more heat and moisture into the Gulf of Mexico in El 
Nino winters than in non-El Nino winters, preconditioning the region for increased 
frequency of cyclogenesis. Crisp and Lewis (1992), citing Rasmussen (1967), state 
that the moisture flux into the southern United States is at a maximum in Febru­
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ary and March. The moisture comes from the Caribbean. Occurring at the time 
of maximum moisture import, the slight, added, southerly wind component in El 
Nino winters may make enough difference in surface moisture and heat to explain 
increased surface cyclogenesis. The 10° eastward shift of the west edge of the 
Bermuda high in El Nino winters, compared non-El Nino winters, was postulated 
as at least part of the cause for the change from normally due-east trades over the 
Caribbean, Fig. 3.2, to slightly south of east, Figs. 3.1 and 3.3. With an eastward 
shift in the Bermuda high in El Nino winters, the Caribbean is be more distally 
located, with respect to the center of the high, and so, subject to winds that are 
not simply flowing outward (due east), but have become deflected toward the north 
somewhat, producing a slightly south-of-east wind. In locations both near and dis­
tal, relative to the center of the high, winds are north-deflected, but theoretically 
at least, the further from the center of the high, the greater the deflection. The 
shift of the high must be only part of the reason for the south residue because the 
high is similarly shifted in spring, with much less added south wind.
All three ingredients must be present concurrently to produce an increase in 
cyclogenesis in the gulf area. For example, in El Nino springs there is not an increase 
in storm formation, even though the mean south jet is farther south, Figs. 4.3 and 
4.4, and the negative height and temperature differences at intermediate levels are 
even greater and extend farther southeast than in El Nino winters, appendices B, 
D, G, H, I, and N. Proper surface conditions are lacking in spring. The 850-mb 
wind-residue pattern in El Nino springs, Fig. 4.34, is very different from that in El 
Niiio winters, Fig. 3.3. The southerly component of the wind difference, directed 
gulfward in El Niiio winters, is much diminished in El Niiio springs. As an aside, 
the negative height and temperature differences at the 850-, 700-, 500-, and 200- 
mb levels in El Niiio winters are now shown to be not just an effect of increased
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cyclogenesis. That they are present when cyclogenesis is not increased, means they 
are not an effect. It also means that they are not the only cause of increased of 
storm formation.
In El Nino springs, jet-level conditions are not right either, even though the 
south jet is farther south in El Nino springs, with respect to both the El Nino- 
winter position, and to the non-El Niiio spring position. The south jet is not as 
strong in El Niiio springs compared to El Nino winters, 33 ms-1 (66 kt) compared 
to 45 ms-1 (90 kt). The intensification of the south jet in El Niiio springs over 
non-El Niiio springs is less than in winter, 5 ms-1 (10 kt) compared to 5 to 10 m s"1 
(10 to 20 kt), respectively. The area of maximum intensification is south of that in 
El Niiio winters, being over Mexico and the adjacent Pacific, not over the southern 
United States and the Gulf of Mexico.
CH A PTER  5 
FRONTAL-WAVE CYCLONES 
A ND COLD FRONTS: 1940-89
5.1 Frontal-W ave C yclones and Cold Fronts, 1940- 
89: El N ino and La N in a  Trends
This chapter presents results for a 50-year period, 1940 to 1989, that correspond 
to those presented in 2.1.5, for the frontal-wave cyclone and cold-front counts. 
Results corresponding to those in 2.4 for frontal-wave cyclone characteristics, are 
also presented for the last 50 years. Some trends over time are considered last.
Although 30 years is a standard climatological period (Kunkel and Court 1990), 
the longer-term study was done for two reasons. First, it is recognized that the last 
decade, 1981 to 1990, was unusually warm (Halpert and Ropelewski 1992b). Ac­
cording to these authors, most Northern Hemisphere land areas had above-normal 
temperatures, with respect to the 1951 to 1980 base period. Many of the above- 
normal temperatures occurred in winter and spring, December to May. The south­
eastern United States was drier than average during spring, March to May, of the 
1980’s. Perhaps this unusual decade influenced the frontal-wave cyclone- and cold- 
front totals during the 1980’s. Second, adding more years allowed the inclusion of 
ten El Nino events and ten La Nina events, double the number of El Niiio events 
in the 1960 to 1989 segment, and adding two more La Nina events, Tables 1.1 and 
1.2. 915 frontal-wave cyclones were counted between 1940 and 1989; 524 occurred 
from 1960 to 1989. 2991 cold fronts were counted between 1940 and 1989; 1722 of 
them occurred between 1960 and 1989.
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During the last 50 years, winter was again the season with most frontal-wave 
cyclones originating over the gulf area, Fig. 5.1. Their distribution by water depth 
was again equally divided between coastal plain, shelf, and slope, Fig. 5.2. Compare 
to Figs. 2.1 and 2.3. The locations of origin of the 015 storms over the last 50 years 
appear in appendix S.
Tables 5.1 to 5.4 present for 1940 to 1989: frontal-wave cyclone and cold-front 
frequencies, water depth or land elevation of estimated point of origin of frontal- 
wave cyclones, latitude and longitude of origin of frontal-wave cyclones, and lowest 
central pressure of frontal-wave cyclones, attained while over the gulf area. Table 
5.5 is a summary of just the statistically significant (.01 or .05 confidence level) 
quantities out of the preceding four tables. The results of the long and short time 
periods agree well; winter results are the most stable.
5.1.1 Frequency of Frontal-Wave Cyclones: El Nino and 
La Nina Trends, 1940-89 vs 1960-89
From 1940 to 1989, significantly more frontal-wave cyclones occurred in winter and 
in fall of El Nino years than in non-El Niiio years, significant at the .05 confidence 
level, Table 5.1. From Table 2.1, between 1960 and 1989, there were more frontal- 
wave cyclones in winter of El Niiio years (.01 level) and in El Niiio winter years 
(.05 level) than in non-El Niiio years. From 1960 to 1989, the fall increase is almost 
significant at the .05 level, and the winter-year increase is ’just barely’ significant at 
the .05 level. The winter-season increase in the frequency of frontal-wave cyclones 
in El Niiio years is common to both time periods.
From 1940 to 1989, significantly fewer frontal-wave cyclones occurred in La Niiia, 
winter years, in the combined season, winter-plus-spring, and in winter than in non- 
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Figure 5.2: S to rm s/m onth , by water depth, Sept. 1940 -  Aug. 1990, all years.
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Table 5.1: Frequency of frontal-wave cyclones and cold fronts in El Niiio and La 
Nina years, 1940-1989. Results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Nino and normal 
years, z-values are listed for test of the hypothesis that values for the listed param­
eters vary between El Niiio and other years or La Niiia years and other years. Two 
levels of significance are indicated by daggers, a  =  .01, reject the null hypothesis 
if z > 2.575 or z 2.575. oc — .05, reject the null hypothesis if z ^  1.960 or 
z < -1.960._________________________________________________________
El N ino
Number of Events Means
Season Time z El Nino Other El Niiio Other
Frontal-W ave Cyclones
winteryear 1940-89 1.862 10 40 22 17
winter+spring 1941-90 1.235 10 40 16 13
winter f 1941-90 2.053 10 40 11 9
spring 1941-90 -0.035 12 38 4 4
summer 1941-90 -0.152 10 40 1 1
fall f 1940-89 2.149 11 39 5 3
Cold F ronts
winteryear 1940-89 -1.749 10 40 57 61
winter+spring f 1941-90 -2.009 10 40 35 38
winter 1941-90 -1.459 10 40 19 20
spring 1941-90 -0.172 12 38 17 17
summer 1941-90 -0.110 10 40 7 7
fall 1940-89 -1.227 11 39 15 16
La N ina
Number of Events Means
Season Time z La Nina Other La Niiia Other
F rontal-W ave Cyclones
winteryear $ 1940-89 -3.030 10 40 13.3 19.5
winter+spring J 1941-90 -3.314 10 40 9.4 14.5
winter | 1941-90 -3.495 10 40 5.8 9.9
spring 1941-90 -0.213 11 39 4.5 4.4
summer 1941-90 -0.507 10 40 0.9 1.3
fall 1940-89 -1.562 10 40 2.7 3.9
Cold F ron ts
winteryear 1940-89 -0.328 10 40 60 60
winter+spring 1941-90 -0.645 10 40 36 37
winter 1941-90 -0.331 10 40 20 20
spring 1941-90 -0.567 11 39 17 17
summer 1941-90 -1.261 10 40 6 7
fall 1940-89 -0.354 10 40 16 16
Notes:
X : indicates null hypothesis can be rejected at the .01 level of significance, 
f : indicates null hypothesis can be rejected at the .05 level of significance.
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the 1960 to 1989 result, Table 2.2, except the significance level is just .05 for the 
30-year data set in winter years and in winter-plus-spring.
5.1.2 Frequency of Cold Fronts: El Nino and La Nina 
Trends, 1940-89 vs 1960-89
From 1940 to 1989 there were fewer cold fronts in the combined, winter-plus-spring 
season in El Niiio years than in non-El Niiio years, significant at the .05 level, Table 
5.1. This is down from the 1960 to 1989 results, in which there are fewer cold fronts, 
not only in winter-plus-spring (.01 level) of El Niiio years as opposed to non-El Niiio 
years, but also in winter year (.01) and in winter season (.05).
The La Niiia results are the same for the 1940 to 1989 period as for 1960 to 1989. 
No La Niiia season shows a significantly different number of cold fronts compared 
to non-La Niiia seasons, Tables 5.1 and 2.2.
5.1.3 Frontal-Wave Cyclone Characteristics: El Nino and 
La Nina Trends, 1940-89 vs 1960-89
5.1.3.1 Latitude and Longitude of Origin of Frontal-Wave Cyclones, 
1940-89 vs 1960-89
From 1940 to 1989, in El Niiio years, the locations of origin of frontal-wave cyclones 
were significantly farther south in winter and in winter-plus-spring (.05 level), Ta­
ble 5.2. The result was the same between 1960 and 1989, with the addition that 
the locations of storm origin were farther south in El Niiio winter years, significant 
at the .01 level, Table 2.11.
For La Niiia years, the 50-year results are the same as the 30-year results. The 
latitude of origin is significantly farther north in winter of La Nina years than in 
winter of non-La Niiia years, Tables 5.2 and 2.11. In neither time period was there
Table 5.2: Average latitude and longitude of frontal-wave cyclones in El Niiio and 
in La Niiia years, 1940-89; results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Niiio and non-El 
Niiio years, and between La Niiia and non-La Niiia years. Latitudes and longi­
tudes listed are those at the point where a storm was first observed on the weather 
map. This is the closest point identifiable on 24-hour maps to the point of origin. 
Latitudes and longitudes were measured to the nearest half degree, therefore the 
averages listed are beyond the range of accuracy and are only for display. The num­
ber of observations is the number of storms in each season, not the number of years 
analyzed, z-values are used to test significance since the number of observations is 
always greater than 30. Reject the null hypothesis at the a  = .01 level if z > 2.575 
or z < —2.575. For a  =  .05, reject the null hypothesis if z > 1.960 or z < —1.960. 
Levels of significance are indicated by daggers, a = .01, double dagger; a — .05, 
single dagger.______________________________________________________
E l N in o  V e r su s  N o n -E l N in o  Y ears
Average Average # o f
Latitude Longitude Storms
Season Time El Non z El Non z E l/N on
winteryear 1940-89 28.4 28.7 -1.884 91.5 91.1 1.248 218/697
wntr+sprng 1941-90 28.2 28.7 -2.362 f 92.0 91.7 0.893 155/519
winter 1941-90 27.9 28.6 -2.432 j 91.8 91.9 0.007 114/340
spring 1941-90 29.2 29.0 0.743 91.9 91.4 0.452 51/169
summer 1941-90 29.5 29.7 -0.228 87.2 87.9 -0.538 12/47
fall 1940-89 28.2 28.6 -1.330 90.3 90.4 -0.049 55/127
La N in a  V e r su s  N o n -L a  N in a  Y ears
Average Average #  of
Latitude Longitude Storms
Season Time La Non z La Non z L a/N on
winteryear 1940-89 29.0 28.6 1.288 91.2 91.2 -0.181 133/782
wntr+sprng 1941-90 29.1 28.6 1.392 92.1 91.7 0.563 94/580
winter 1941-90 29.2 28.3 2.279 f 92.4 91.8 0.807 58/396
spring 1941-90 29.1 29.1 0.098 91.5 91.5 0.040 49/171
summer 1941-90 28.8 29.8 -1.381 87.6 87.8 -0.496 9 /50
fall 1940-89 29.1 28.4 1.237 90.7 90.3 0.501 27/155
J : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
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a bias in the longitude of location of origin between El Niiio and non-El Niiio years, 
or between La Niiia and non-La Niiia years, in any season, Tables 5.2 and 2.11.
5.1.3.2 W ater D epth or Land Elevation of Origin of Frontal-Wave Cy­
clones, 1940-89 vs 1960-89
In El Nino years, frontal-wave cyclones originate over significantly deeper water 
(lower land elevation) in winter (.01 level of significance) and in winter-plus-spring 
(.05 level) than in non-El Nino years, Table 5.3. The 1960 to 1989 result is the 
same, Table 2.10, except the 30-winter result is only significant at the .05 level.
In La Nina winters from 1940 to 1989, the water depth of origin is significantly 
shallower (.05 level) in winter than in non-La Niiia winters, Table 5.3. The 1960 to 
1989 results are the same, Table 2.10.
5.1.3.3 Lowest Central Pressure of Frontal-Wave Cyclones, 1940-89 vs 
1960-89
Between 1940 and 1989, the lowest central pressure attained by frontal-wave cy­
clones while over the gulf, was significantly lower in winter, spring, and in winter- 
plus-spring of El Niiio years, as compared to non-El Niiio years, Table 5.4. This 
is better than from 1960 to 1989. From 1960 to 1989, only winter storms of El 
Niiio years had lower central pressure than non-El Niiio years, although winter- 
plus-spring and spring were close, Table 2.9.
For La Niiia years between 1940 and 1989, no season had significantly different 
lowest central pressure than in non-La Niiia years. Although in winter and in winter 
years during 1960 to 1989, La Nina-year frontal-wave cyclones had significantly 
higher lowest central pressure than in non-La Niia years.
Table 5.3: Water depth or land elevation (m) of frontal-wave cyclones in El Nino 
and in La Nina years, 1940-89; results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Niiio and non-El 
Niiio years, and between La Niiia and non-La Nina years. Water depths(elevations) 
listed are those at the point where a storm was first observed on the weather map. 
It is the closest point identifiable to the point of origin. The number of observations 
is the number of storms in each season, not the number of years analyzed, z-values 
are used to test significance since the number of observations is always greater than 
30. Reject the null hypothesis at the a  =  .01 level if z > 2.575 or z < —2.575. For 
.05, reject the null hypothesis if z > 1.960 or z  < —1.960. Levels of significancea
--------------- r_rv -----
El N ino V ersus N on-E l N ino  Y ears
Average Water Depth or 
Land Elevation (m) #  of Storms
Season Time El Nino Other z ElNiiio Other
winteryear 1940-89 -694 -612 -0.715 168 747
winter+spring f 1941-90 -835 -579 -2.471 155 519
winter f 1941-90 -869 -627 -2.600 114 340
spring 1941-90 -571 -523 0.936 51 169
summer 1941-90 -169 -339 0.725 12 47
fall 1940-89 -781 -654 -1.183 55 127
La N ina  V ersus N on-L a N in a  Y ears
Average Water Depth or 
Land Elevation (m) #  of Storms
Season Time La Nina Other z LaNina Other
winteryear 1940-89 -504 -656 1.115 173 742
winter+spring 1941-90 -548 -652 1.327 94 580
winter f 1941-90 -454 -722 2.357 58 396
spring 1941-90 -382 -578 0.744 49 171
summer 1941-90 -125 -337 -1.949 9 50
fall 1940-89 -451 -734 0.622 27 155
Notes:
J : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 5.4: Lowest central pressure (mb) in frontal-wave cyclones in El Nino and 
in La Nina years, 1940-89; results of the rank sum test, also known as the U-test, 
Wilcoxon test, or Mann-Whitney test, for differences between El Nino and non-El 
Niiio years, and between La Niiia and non-La Nina years. Pressures listed are av­
erages of the lowest central pressure observed on the weather map during a storm’s 
duration, usually occurring on the first day. The number of observations is the 
number of storms in each season, not the number of years analyzed, z-values are 
used to test significance since the number of observations is always greater than 30. 
Reject the null hypothesis at the a  — .01 level if z > 2.575 or z < —2.575. For a  
=  .05, reject the null hypothesis if z > 1.960 or z < —1.960. Levels of significance
-------- ------------------------- ---  —M r—) ~ ~
El N ino V ersus N on-E l N ino Years
Average Lowest 
Pressure(Std.Dev.) 
Season Time El Nino Other z
#  of Storms 
El Non
winteryear 1940-89 1010.3(5.5) 1011.1(5.0) -1.215 218 697
winter+spring f 1941-90 1009.6(6.0) 1011.1(5.1) -2.225 155 519
winter f 1941-90 1010.5(5.9) 1012.1(5.1) -2.170 114 340
spring dag 1941-90 1007.4(4.7) 1009.2(4.5) -2.336 51 169
summer 1941-90 1011.0(4.3) 1012.2(3.5) -0.801 12 47
fall 1940-89 1011.6(4.2) 1010.9(4.4) 0.976 55 127
La N ina  V ersus N on-L a N in a  Years
Average Lowest
Pressure(Std.Dev.) #  of Storms
Season Time La Niiia Other z La Non
winteryear 1940-89 1011.4(5.0) 1010.8(5.1) 0.879 133 782
winter+spring 1941-90 1011.6(4.9) 1010.6(5.4) 1.335 94 580
winter 1941-90 1012.7(5.0) 1011.6(5.4) 1.115 58 396
spring 1941-90 1009.5(4.5) 1008.6(4.8) 1.067 49 171
summer 1941-90 1010.7(3.4) 1012.2(3.7) -1.360 9 50
fall 1940-89 1010.2(5.9) 1011.3(4.0) -0.873 27 155
Notes:
f : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table 5.5: Storms and cold fronts, 1940-89: summary of all parameters significant at 
the .01 or .05 confidence level. A blank indicates the parameter was not significant 
at cither leve l____________________________________________________________
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Water Depth of Origin/winter Deep .01 Less .05 41-90
Water Depth of Origin/winter+spring Deep .05 41-90
Lowest Central Pressure/winter Low .05 41-90
Lowest Central Pressure/spring Low .05 40-89
Lowest Central Pressure/winter+spring Low .05 41-90
Latitude of Origin/winter South .05 North .05 41-90
Latitude of Origin/winter+spring South .05 41-90
C old-Front F requency
Cold fronts/winter+spring Low .05 41-90
A summary of just the statistically significant (.01 or .05 confidence level) quan­
tities out of the preceding four tables is presented in Table 5.5. Compare it to Table 
2.12 for 1960 to 1989.
5.2 Trends over T im e
5.2.1 Numbers of Frontal-Wave Cyclones Originating over 
the G ulf Area: 1960-89 Compared to 1940-89
5.2.1.1 Increase in the Num ber of Storm s, 1960-89
The number of frontal-wave cyclones per winter year from 1960 to 1989 appears in 
Fig. 5.3, divided into 5 El Nino years, all 30 years, and 25 non-El Niiio years. To test 
the significance of the apparent increase from 1960 to 1989 in the number of storms 
per winter year, three best-fit, linear regression lines were prepared. The 25 non-El 
Niiio years in the period, all 30 years and just the five El Nino years were analyzed
as three separate groups, with resulting correlation coefficients, r, (Anderson and 
Sclove 1974) of 0.53, 0.56 and 0.91 respectively. The statistical significance of the 
slopes of the regression lines was obtained by the Student’s t-test (Hoel 1962). For 
the 25 non-El Nino years, the t-value of 3.018, with 23 degrees of freedom, leads 
to the acceptance at the .01 confidence level of the hypothesis that the number of 
frontal-wave cyclones occurring over the gulf region per winter year is increasing 
during the 25 years used from the period of 1960 to 1989. For all 30 years, from 
1960 to 1989, the t-value of 3.620 leads to the same conclusion, at the .01 confidence 
level. The five El Nino years also show an increase, significant at the .05 confidence 
level, the t-value being 3.810. The three separate analyses were done in an attem pt 
to remove the effect of El Nino from the long-term trend. As noted in an early 
review of the work, there are more El Nino events in the second half of the time 
series than in the first. This might be suspected as the cause of the increase in 
the number of storms over the period because of the increase in the frequency of 
winter storms during El Nino years, 2.1.5. Based on the similarity of the correlation 
coefficients and t-values for just the 25 non-El Nino winter years and all 30 years, 
the increase over the period seems to be independent of the effect of El Nino, and 
genuine, subject to the limitations of the data already noted in 2.1.4. What is 
surprising, is that the number of storms per winter year in the five El Nino years is 
increasing at a greater rate than the other winter years. Table 5.6 shows, for each 
season, results of the same test for increase or decrease over the last 30 years. Most 
of the seasons show the same pattern as the winter year, with stronger increases in 
El Nino years than in other years. However, the only increases significant at the .01 
or .05 levels, occur in spring and summer. Therefore, the increase in storms during 
El Nino winter years is not likely due to an intensification, over the period, of the 
El Nino winter-storm effect, but to an increase in spring and summer cyclogenesis. 
Spring and summer increases must be independent of El Nino since there there is
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no tendency for more storms to occur in spring or summer of El Nino years over 
the gulf area, Table 2.1.
It might be argued that the increase in the number of storms shown by this 
data is the effect of an expanding control network over the period of record. It 
is certainly true that more and better synoptic data have become available over 
the period 1960-89, notably with the introduction of satellite observations. It is 
equally likely, however, that an explanation for the increase in storm frequency 
over the period will be found in changing synoptic weather patterns, forced by 
broader scale climate change, such as global warming. For example, the unusually 
warm temperatures of the 1980’s (Ropelewski and Halpert 1992) may be forcing 
the increase in some way.
W hittaker and Horn (1982) using NMC extratropical cyclone-track maps for 
1958 to 1977, reported annual cyclogenesis counts for the entire North American 
sector, 150° to 50°W and 20° to 80°N. Over the whole area, they found a sta­
tistically significant decrease, r  = —0.73, in the annual, calendar year, frequency 
of cyclogenesis, with January and July showing the greatest drops. They reported 
that most of the decrease was north of 40°N. They examined three cyclogenetically- 
active areas individually, Alberta, Colorado and the east coast of the United States. 
A decrease was found in Alberta and east coast storms, but no trend was found in 
the Colorado data. Citing previous studies, (Klein 1957; Pettersen 1956) Whittaker 
and Horn note that if the entire Northern Hemisphere is examined, no decrease is 
found, and conclude that decrease in cyclogenesis in some areas is compensated for 
by an increase in other areas. From the present results, it would seem that the Gulf 
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Figure 5.3: Number of frontal-w ave cyclones per winter year, increasing from 1960 to 1989; (A) 25 
n on-E l Nino, (B) 5 El Nino, (C) all 30 years. El Nino r significant at the .05 level, others, .01.
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Table 5.6: Tests for trends over time: frontal-wave cyclones, 1960 to 1989 and 
1940 to 1989. Correlation coefficient, r, and t-values and probabilities to test the 
null hypothesis that the slope of the linear regression line is zero. Two levels of 
significance, .01 and .05, are shown by the double and single daggers. __
Season Group r Student’s t Probability §
Frontal-W ave C yclones, 1960-89
Winteryear t El Nino .91 3.810 .0317
t Other .53 3.018 .0061
t All years .56 3.620 .0012
Winter-fspring El Nino .85 2.749 .0707
Other .35 1.782 .0879
t All years .43 2.535 .0171
Winter El Nino .76 2.035 .1347
Other .16 0.775 .4460
All years .26 1.426 .1648
Spring t El Nino .87 3.455 .0259
t Other .44 2.313 .0305
t All years .50 3.031 .0052
Summer El Nino .35 0.653 .5606
t Other .47 2.532 .0186
t All years .43 2.528 .0174
Fall El Nino .61 1.320 .2785
Other .29 1.459 .1582
All years .36 2.016 .0535
Frontal-W ave C yclones, 1940-89
Winteryear El Nino .49 1.592 .1501
Other -.04 -0.247 .8060
All years .05 0.369 .7137
Winter-fspring El Nino .52 1.701 .1273
Other -.13 -0.834 .4097
All years .01 0.046 .9638
Winter t El Nino .77 3.412 .0092
Other -.24 -1.511 .1391
All years -.03 -0.231 .7324
Spring El Nino -.04 -0.111 .9138
Other .11 0.668 .5085
All years .07 0.473 .6384
Summer El Nino -.39 -1.190 .2681
t Other co OO 2.520 .0161
All years .22 1.579 .1208
Fall El Nino .35 1.111 .2955
Other -.05 -0.286 .7765
All years .01 0.061 .9514
§: The significance level, a. Probability that you will be wrong if you reject the 
null hypothesis and conclude that there is a trend of increase(decrease) over time.
5.2.1.2 N o Increase in the Num ber of Storm s, 1940-89
The number of frontal-wave cyclones per winter year from 1940 to 1989 appears in 
Fig. 5.4, divided into ten El Nino years, all 50 years, and 40 non-El Nino years. Over 
the whole 50-year period, there is no statistically significant increase or decrease in 
the number of frontal-wave cyclones originating over the gulf area per winter year, 
as was seen for only the last 30 years. The breakdown by seasons appears in the 
lower half of Table 5.6 and follows the pattern of the winter years with the exception 
of El Niho-year, winter-season storms. From 1940 to 1989, El Nino-year, winter- 
season storms increased, significant at the .01 confidence level. During only the 
last 30 years, gulf-area, winter-storm increases in El Nino years are only significant 
at the .13 level, although the two correlation coefficients are almost the same, 0.76 
and 0.77. Perhaps over the 50-year period, there has been intensification in the El 
Niho-year, winter-storm effect, but if so, it must have been strongest before 1960.
Comparing these results to other long-term cyclogenesis counts, Reitan (1979) 
found a decrease in cyclone activity over North America from 1949 to 1976. Hosier 
and Gamage (1956) found no trend over the 50 years from 1905 to 1954 in the 
frequency of cyclogenesis over just the contiguous United States. To the extent 
that they are comparable, both of these are consistent with the present results. 
Reitan’s decrease from 1949 to 1976 may be indicative of the decrease prior to 1960 
inferred from the present data, which has flattened out the storm counts over the 
50-year term.
5.2.2 Numbers of Cold Fronts Reaching the G ulf Area: 
1960-89 Compared to 1940-89
The number of cold fronts reaching the gulf region during the 30- and 50-year 
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Figure 5.4: Number of frontal-w ave cyclones per winter year, 1940-89; (A) 40 non-E l Nino, (B) 10 El Nino, 
(C) all 50 years. El Nino r significant a t .15 level.
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and Table 5.7. The results were almost the opposite of the storm results. Over the 
last 30 years, the number of cold fronts reaching the area has remained flat, but 
over the last 50 years, a significant decrease (.01 or .05 level) has occurred annually 
and in all seasons but fall. The 1960 to 1989 increase in the number of storms 
originating over the gulf region has not been accompanied by a significant change 
in the number of cold fronts reaching the area. And the long-term drop in the 
incidence of cold fronts has not been accompanied by concurrent change in the 
number of storms originating here.
This is not the first instance in which the present data has shown apparent 
independence in the winter occurrence of frontal-wave cyclones and cold fronts in 
the gulf area. The same trend was seen in regard to the occurrence of each in El 
Nino and La Nina years between 1960 and 1989, and between 1940 and 1989. The 
increase in storms in El Nino winters is accompanied by a decrease in the number of 
cold fronts coming to the gulf area, Tables 2.1 and 5.1. The decrease in the number 
of storms in La Nina winters is accompanied by no significant difference, at any 
reasonable level, in the number of cold fronts, from the direct cold-front counts, 
Tables 2.2 and 5.1. The weather-type data, from 1961 to 1990, however, seems to 
indicate a winter-season increase in the frequency of cold front-associated weather 
types, yielding not an independent relationship between storms and cold fronts, but 
one that is indirectly proportional, Table 2.4. At least the seasonal abundances of 
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Figure 5.5: Number of cold fronts per w inter year, from 1960 to 1989; (A) 25 non-E l Nino,
(C) all 30 years.
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Table 5.7: Tests for trends over time: cold fronts, 1960 to 1989 and 1940 to 1989. 
Correlation coefficient, r, and t-values and probabilities to test the null hypothesis 
that the slope of the linear regression line is zero. Two levels of significance, .01
Season Group r Student’s t Probability §
Cold F ron ts, 1960-89
Winteryear El Nino -.35 -0.643 .5659
Other -.07 -0.318 .7532
All years -.12 -0.656 .5174
Winter+spring El Nino -.63 -1.397 .2567
Other -.12 -0.579 .5679
All years -.18 -0.991 .3298
Winter El Nino .07 0.117 .9146
Other -.34 -1.734 .0963
All years -.30 -1.677 .1046
Spring El Nino -.63 -1.613 .1820
Other .27 1.296 .2084
All years .07 0.352 .7272
Summer El Nino -.49 -0.962 .4071
Other -.09 -0.416 .6813
All years -.14 -0.729 .4718
Fall El Nino .56 1.176 .3242
Other .05 0.220 .8278
All years .06 0.328 .7456
Cold F ron ts, 1940-89
Winteryear El Niiio -.59 -2.082 .0709
Other -.35 -2.332 .0251
All years -.40 -2.999 .0043
Winter-f spring El Nino -.65 -2.419 .0419
Other -.40 -2.729 .0096
All years -.44 -3.421 .0013
Winter El Nino -.53 -1.754 .1175
Other -.35 -2.277 .0285
All years -.37 -2.780 .0077
Spring El Nino -.66 -2.746 .0206
Other -.18 -1.122 .2691
All years -.31 -2.231 .0304
Summer El Nino -.35 -1.043 .3274
Other -.52 -3.759 .0006
All years -.48 -3.827 .0004
Fall El Nino .00 0.007 .9945
Other .11 0.706 .4846
All years .12 0.807 .4234
§: The significance level, a. Probability that you will be wrong if you reject the 
null hypothesis and conclude that there is a trend of increase(decrease) over time.
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5.2.3 Frequency of Occurrence of the Eight Principal W eather 
Types: 1961-90
The same tests for trends over time that were described in the previous section were 
used on the principal weather type data (Muller 1961-), Table 5.8. No increase 
over the last 30 years was found in the frequency of occurrence of the Frontal 
Overrunning weather type. If found, such an increase would have substantiated 
the increase in the frequency of frontal-wave cyclones during the same period, at 
least to the extent that the Frontal Overrunning weather type is proxy information 
for the frontal-wave cyclone frequency. The sum of the two weather types, Frontal 
Gulf Return and Gulf Return, assumed here to be proprotional to the direct cold- 
front counts, shows no trend over time between 1961 and 1990, Table 5.8.
Table 5.8: Tests for trends over time in the frequency of occurrence of the eight 
principal weather types, as defined by Muller (1977). Shown are correlation coef­
ficient, r, and t-values and probabilities to test the null hypothesis that the slope
of the linear regression line is zero. Two levels of significance, a = . 01 and .05, are
shown by the double and single daggers.
Season Group r Student’s t Probability§ V Time
F ron ta l O v errunn ing  (FO R )
Winteryear El Nino -.53 -1.083 .3581 3 1961-89
Other .01 0.028 .9776 22 1961-89
All -.04 -0.183 .8561 27 1961-89
Winter+spring El Nino -.40 -0.746 .5095 3 1962-90
Other .00 0.012 .9908 22 1962-90
All -.03 -0.181 .8576 27 1962-90
Winter El Nino -.00 -0.007 .9951 3 1962-90
Other .02 0.112 .9119 22 1962-90
All .05 0.238 .8137 27 1962-90
Spring El Nino -.40 -0.871 .4329 4 1961-90
Other -.09 -0.413 .6838 22 1961-90
All -.16 -0.839 .4087 28 1961-90
Summer El Nino .51 1.002 .3900 3 1961-90
Other -.16 -0.772 .4482 23 1961-90
All -.09 -0.490 .6277 28 1961-90
Fall El Nino -.54 -1.109 .3482 3 1961-89
Other .13 -0.634 .5328 22 1961-89
All -.01 -0.032 .9751 27 1961-89
F ron ta l G ulf R e tu rn - fG u lf  R e tu rn  (F G R + G R )
Winteryear El Nino -.71 -1.760 .1759 3 1961-89
Other .16 0.753 .4590 22 1961-89
All .08 0.400 .6919 27 1961-89
W inter+spring El Nino -.64 -1.456 .2415 3 1962-90
Other .01 0.035 .9722 22 1962-90
All -.06 -0.293 .7719 27 1962-90
Winter El Nino .24 0.422 .7015 3 1962-90
Other -.10 0.487 .6313 22 1962-90
All -.05 -0.283 .7797 27 1962-90
Spring El Niiio -.63 -1.636 .1772 4 1961-90
Other .04 0.174 .8637 22 1961-90
All -.08 -0.404 .6891 28 1961-90
Summer El Niiio .75 1.937 .1481 3 1961-90
Other .09 0.409 .6863 23 1961-90
All .16 0.854 .4001 28 1961-90
Fall El Niiio -.40 -0.762 .5017 3 1961-89
Other -.27 1.296 .2083 22 1961-89
All .13 0.670 .5085 27 1961-89
Table 5.8: continued.
Season Group r Student’s t Probability§ V Time
F ron ta l G ulf R e tu rn  (F G R )
Winteryear El Niiio -.20 -0.361 .7417 3 1961-89
Other .29 1.410 .1724 22 1961-89
AU .23 1.207 .2379 27 1961-89
Winter+spring El Niiio -.27 -0.493 .6557 3 1962-90
Other .01 0.034 .9736 22 1962-90
All -.03 -0.157 .8766 27 1962-90
Winter El Niiio .33 0.611 .5841 3 1962-90
Other -.17 -0.811 .4258 22 1962-90
All -.14 -0.759 .4547 27 1962-90
Spring El Niiio -.65 -1.702 .1637 4 1961-90
Other .14 0.664 .5134 22 1961-90
All .05 0.285 .7776 28 1961-90
Summer El Niiio .70 1.716 .1847 3 1961-90
Other .26 1.278 .2141 23 1961-90
All .30 1.654 .1093 28 1961-90
Fall El Nino .40 0.763 .5007 3 1961-89
Other .27 1.325 .1986 22 1961-89
All .27 1.478 .1510 27 1961-89
G u lf R e tu rn  (G R )
Winteryear El Niiio -.03 -0.044 .9678 3 1961-89
Other .37 1.867 .0752 22 1961-89
All .30 1.643 .1119 27 1961-89
Winter+spring El Nino -.14 -0.250 .8188 3 1962-90
Other .17 0.827 .4170 22 1962-90
All .10 0.548 .5882 27 1962-90
Winter El Niiio .11 0.200 .8540 3 1962-90
Other .33 1.623 .1188 22 1962-90
All .26 1.393 .1749 27 1962-90
Spring El Niiio -.14 -0.280 .7932 4 1961-90
Other -.01 -0.031 .9758 22 1961-90
All -.03 -0.167 .8687 28 1961-90
Summer El Niiio -.04 -0.066 .9515 3 1961-90
Other .17 0.812 .4252 23 1961-90
All .15 0.791 .4355 28 1961-90
Fall El Niiio -.08 -0.140 .8973 3 1961-89
f Other .47 2.527 .0192 22 1961-89
All f .41 2.309 .0288 27 1961-89
§: The significance level, a .  Probability that you will be wrong if you reject the
null hypothesis and conclude that there is a trend of increase(decrease) over time.
X, f : indicates null hypothesis can be rejected at the .01 or .05 level of significance.
Table 5.8: continued.
Season Group r Student’s t Probability§ V Time
C oastal R e tu rn  (C R )
Winteryear f El Nino .91 3.726 .0336 3 1961-89
Other -.08 -0.383 .7055 22 1961-89
All .06 0.288 .7757 27 1961-89
Winter+spring El Niiio .30 0.543 .6249 3 1962-90
Other -.28 -1.346 .1921 22 1962-90
All -.24 -1.259 .2189 27 1962-90
Winter El Niiio -.44 -0.852 .4568 3 1962-90
Other -.39 -1.997 .0584 22 1962-90
All f -.40 -2.284 .0305 27 1962-90
Spring El Niiio .34 0.731 .5054 4 1961-90
Other .04 0.180 .8589 22 1961-90
All .07 0.391 .6987 28 1961-90
Summer El Niiio .69 1.657 .1961 3 1961-90
Other .22 1.105 .2808 23 1961-90
All .28 1.524 .1386 28 1961-90
Fall El Niiio .00 0.006 .9913 3 1961-89
Other -.15 -0.729 .4737 22 1961-89
All -.15 -0.782 .4409 27 1961-89
G ulf H igh (G H )
Winteryear El Niiio -.19 -0.335 .7596 3 1961-89
Other -.40 -2.054 .0521 22 1961-89
All f -.38 -2.146 .0410 27 1961-89
Winter+spring El Niiio .24 0.423 .7011 3 1962-90
Other -.06 -0.284 .7790 22 1962-90
All -.01 -0.075 .9406 27 1962-90
Winter El Niiio -.21 -0.372 .7345 3 1962-90
Other .13 0.616 .5440 22 1962-90
All .09 0.456 .6519 27 1962-90
Spring El Niiio .58 1.420 .2286 4 1961-90
Other -.24 -1.152 .2619 22 1961-90
All -.12 -0.617 .5425 28 1961-90
Summer f El Niiio -.91 -3.907 .0298 3 1961-90
t Other -.49 -2.682 .0133 23 1961-90
All | -.52 -3.221 .0032 28 1961-90
Fall El Niiio -.80 -2.321 .1030 3 1961-89
Other .10 0.490 .6289 22 1961-89
All -.01 -0.067 .9469 27 1961-89
§: The significance level, a .  Probability that you will be wrong if you reject the
null hypothesis and conclude that there is a trend of increase(decrease) over time,
f : indicates null hypothesis can be rejected at the .01 or .05 level of significance.
Table 5.8: continued.
Season Group r Student’s t Probability§ V Time
Pacific H igh (P H )
Winteryear El Niiio .19 0.332 .7616 3 1961-89
Other .11 0.512 .6137 22 1961-89
All .14 0.709 .4845 27 1961-89
W inter+spring El Nino -.41 0.768 .4984 3 1962-90
Other .05 0.232 .8184 22 1962-90
All .13 0.696 .4922 27 1962-90
Winter El Niiio .16 0.278 .7994 3 1962-90
Other .16 0.751 .4608 22 1962-90
All .17 0.875 .3893 27 1962-90
Spring El Niiio .33 0.690 .5283 4 1961-90
Other .06 0.275 .7862 22 1961-90
All .12 0.651 .5202 28 1961-90
Summer El Niiio No PH 3 1961-90
Other No PH 23 1961-90
All No PH 28 1961-90
Fall El Niiio -.43 -0.821 .4719 3 1961-89
Other .15 0.719 .4799 22 1961-89
All .07 0.360 .7218 27 1961-89
C o n tin en ta l H igh (C H )
Winteryear El Niiio -.48 -0.950 .4123 3 1961-89
Other -.29 -1.431 .1661 22 1961-89
All -.31 -1.717 .0974 27 1961-89
Winter+spring El Niiio .65 1.500 .2307 3 1962-90
Other -.04 -0.174 .8637 22 1962-90
All -.00 -0.002 .9988 27 1962-90
Winter El Niiio -.11 -0.188 .8625 3 1962-90
Other -.20 -0.975 .3399 22 1962-90
All -.20 -1.059 .2989 27 1962-90
Spring El Niiio .15 0.312 .7702 4 1961-90
Other .05 0.253 .8027 22 1961-90
All .08 0.410 .6853 28 1961-90
Summer El Niiio -.37 -0.683 .5435 3 1961-90
Other -.19 -0.905 .3749 23 1961-90
All -.21 -1.128 .2689 28 1961-90
Fall El Niiio .77 2.062 .1313 3 1961-89
$ Other -.52 -2.858 .0091 22 1961-89
All -.32 -1.729 .0953 27 1961-89
§: The significance level, a .  Probability that you will be wrong if you reject the
null hypothesis and conclude that there is a trend of increase(decrease) over time,
t, f : indicates null hypothesis can be rejected at the .01 or .05 level of significance.
Table 5.8: continued.
Season Group r Student’s t Probability§ V Time
G ulf T ropical D is tu rb a n ce (G T D )
Winteryear El Niiio .41 0.770 .4975 3 1961-89
Other .39 1.992 .0589 22 1961-89
Allf .38 2.137 .0418 27 1961-89
Winter+spring El Niiio .39 0.739 .5133 3 1962-90
Other -.03 -0.154 .8791 22 1962-90
All .04 0.214 .8323 27 1962-90
Winter El Niiio No GTD 3 1962-90
Other No GTD 22 1962-90
All No GTD 27 1962-90
Spring El Nino .43 0.939 .4009 4 1961-90
Other -.01 -0.044 .9650 22 1961-90
All .06 0.338 .7379 28 1961-90
Summer El Niiio -.47 0.921 .4249 3 1961-90
f Other .45 2.402 .0248 23 1961-90
Allf .41 2.396 .0235 28 1961-90
FaU El Niiio -.10 -0.169 .8768 3 1961-89
Other .10 0.480 .6361 22 1961-89
All .08 0.442 .6621 27 1961-89
Notes:
§: The significance level, a. Probability that you will be wrong if you reject the 
null hypothesis and conclude that there is a trend of increase(decrease) over time, 
f : indicates null hypothesis can be rejected at the .01 or .05 level of significance.
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This agrees with the cold-front counts discussed above, Table 5.7, for which no 
trend was found between 1960 and 1989. The single type, Gulf Return, does show 
a statistically significant fall-season increase over the last 30 years. At the .01 or 
.05 level of significance, these other trends were found:
1. The frequency of Gulf Tropical Disturbance weather type increased from 1961 
to 1990 on a winter-year basis and on a summer basis. This agrees with the 
increase over the last 103 years in hurricanes and tropical storms originating 
over the gulf, on both a winter-year and a calendar-year basis, Table 5.9.
2. The frequency of the summertime weather type, Gulf High, decreased from 
1961 to 1990, on a winter-year and on a summer basis.
3. The Coastal Return weather type decreased for winter seasons between 1961 
and 1990.
Table 5.9: Tests for trends over time: hurricanes and tropical storms, 1886 to 1988. 
Correlation coefficient, r, and t-values to test the null hypothesis that the slope of 
the linear regression line is zero. Two levels of significance, .01 and .05, are shown 
by the double and single daggers. For the hurricane data there are 101 and 102 
degrees of freedom. For a  =  .01, reject the null hypothesis if |t| > 2.625; for a  =  
.05, reject the null hypothesis if |t| > 1.982._________________________
Season Group r Student’s t Probability §
H u rrican es and  T ropical S to rm s, 1886-1988
Entering gulf/calendar year -.08 -0.860 .3920
Originating in gulf/calendar year f .25 2.632 .0098
Entering gulf/winteryear -.07 -0.654 .5143
Originating in gulf/winter year f .24 2.448 .0161
Notes:
§: The significance level, a, or two-tail probability, the probability of finding a 
larger —t—. Probability (goes from 0 to 1) that you will be wrong if you reject the 
null hypothesis and conclude that there is a trend of increase(decrease) over time. 
Multiply by 100 for the percent of the time you will be wrong if you reject the null 
hypothesis.
t, f :reject null hypothesis at .01, .05 levels of significance.
CH APTER 6 
DISCUSSION
6.1 D iscussion
A summary of El Niiio and La Nina contrasts in surface-based observations appears 
in Table 6.1. Surface findings have previously been summarized in Table 2.12. A 
summary of upper-level findings in El Niiio winters appears in Table 6.2.
6.1.1 G ulf o f M exico-Region, W inter Storms: 1960-89
1. More frontal-wave cyclones formed in winter over the gulf area during the 
five El Niiio years than during the 25 non-El Niiio years between 1960 and 
1989, Table 2.1 and Fig. 2.4. This is significant at the .01 level by the rank 
sum test. Conversely, fewer frontal-wave cyclones formed in winter during the 
eight La Nina years than during the 22 non-La Niiia years in the same time 
period, significant at the .01 level, Table 2.2 and Fig. 2.4.
2. Considering the subjective nature of the storm counts and the weaknesses of 
the daily weather maps used as a data source, other evidence was sought to 
support item one above. First, over the same time period, the frequency of 
the Frontal Overrunning weather type (Muller 1977), indicative of storms, is 
greater in El Nino winters than in non-El Nino winters, significant at the .05 
confidence level by the rank sum test, Table 2.3 and Fig. 2.9. Second, long­
term (100 years, approximately) precipitation and temperature records at 9 
of 15 land stations and 6 of 8 climatic divisions in the gulf area show increased 
precipitation at the .01 or .05 level in El Nino winters. 8 of 15 stations and 
no climatic divisions show cooler temperatures in El Nino winters, significant
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Table 6.1: El Nino and La Nina contrasts, 1960-89: storms, cold fronts, hurricanes, 
weather types, temperature, and precipitation. A blank indicates the parameter 
did not differ between the two ENSO phases at the .01 or .05 confidence level. 
In temperature and precipitation results, number in parentheses indicates total 
stations or divisions displaying the trend at the .01 or .05 level. Station results not 
adjusted for multiple use of rank sum test due to varying periods of record; division 
results are so compensated._________________________________________________
Parameter El Nino Season La Nina Season
F ro n ta l-W a v e High winteryear Low winteryear
C y c lo n e s High Winter Low W inter
Low W inter+spring
C o ld  F ron ts Low Winteryear
Low W inter+spring
Low Winter
F r o n ta lO v e rr u n n in g High Winteryear Low Winteryear
(parallels #  storms) High Winter Low Winter
F ro n ta l G u lf+ Low W inter+spring High W inter+spring
G u lf  R e tu r n Low Winter
(parallels # c o ld  fronts) Low Spring
G u lf  H ig h High Summer
H u r r ic a n e s Low Winteryear
E n te r in g  G u lf
A  v e r  a g e T e m p  era t ur e Low W interyear (6) High W interyear (1)
at 15 Stations Low W inter+spring (8) High W inter+Spring (6)
Low Winter (8) High Winter (9)
Low Spring (2) High Spring (1)
High Summer (1)
Low Fall (4)
T o ta lP r e c ip ita t io n High Winteryear (4) Low Winteryear (7)
at 15 Stations High W inter+spring (7) Low W inter+spring (7)
High Winter (9) Low Winter (5)
High Spring (3) Low Spring (4)
Low Summer (2) Low Summer (1)
High Fall (2) Low Fall (1)
A v e r a g e  T e m p e r a tu r e Low W interyear (4)
at 8 Climatic Low W inter+spring (2) High W inter+spring (1)
Divisions
T o ta l P r e c ip ita t io n High Winteryear (3) Low Winteryear (4)
at 8 Climatic High W inter+spring (6) Low W inter+spring (3)
Divisions High Winter (6) Low Winter (2)
Low Spring (1)
Table 6.2: El Nino-winter, Gulf of Mexico-region, upper-level summary. A blank 
indicates parameter was not evaluated for that level. Fields of height and temper- 
ature all have lowest values in the northwest, increasing to the southeast.______
El Nino-Winter Differences
Level Height Temp Wind Divergence Relative
(mb) (m) °C Vorticity
200 -15 to 50
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at the .01 or .05 level, Figs. 2.17, 2.19, 2.21, 2.23, and Tables 2.5-2.8. The 
increased precipitation and cooler temperatures are believed to result from 
the rain and cloudiness associated with more frontal-wave cyclones in winters 
of El Nino years. The opposite is seen in La Nina winters. The frequency of 
the Frontal Overrunning weather type is lower in La Nina winters, significant 
at the .05 level, Table 2.4. and Fig. 2.9. 5 of 15 stations and 2 of 8 climatic 
divisions show drier La Nina winters; 9 of 15 stations and no climatic divisions 
show warmer La Nina winters, significant at the .01 or .05 level, Figs. 2.18, 
2.20, 2.22, and 2.24 and Tables 2.5-2.8. The decreased precipitation and 
warmer temperatures are likely the result of fewer frontal-wave cyclones in 
La Nina winters. The areal and temporal coverages are not uniform, and not 
all stations and divisions show significant results, but nearly all follow the 
trends.
Frontal-wave cyclones forming during El Nino winters form over greater water 
depths, at lower latitudes, and have lower central pressure while over the gulf 
area than those in non-El Nino winters; all three are significant at the .05 
level, Tables 2.10, 2.11, 2.9, and Fig. 2.29. During La Nina winters gulf-area 
frontal-wave cyclones form over shallower water depths, at higher latitudes, 
and have a higher central pressure while over the gulf area than in non-La 
Nina winters; all three are significant at the .05 level, Tables 2.10, 2.11, 2.9, 
and Fig. 2.30. No longitude difference in point of origin is observed between 
El Nino and non-El Nino years or between La Nina and non-La Nina years, 
in any season.
The greatest concentration of winter storms originates over the northwest 
Gulf of Mexico, Figs. 2.25 and 2.26 and appendices P and S. (This is true 
in any year and in any season except summer.) Speculating, contributing to 
this northwestern bias may be the fact that this is often the first place where 
northeast-trending cold fronts cross over water and encounter the warm, moist 
atmosphere over the gulf. In winter, when inshore waters are cooled, this 
explanation may still hold, due to a possible shoreward intrusion of relatively 
warm, deep water in the northwest corner of the gulf, the result of a re­
entrant there in the bathymetric contours. Topography, bathymetry (through 
its effects on SST distribution), and the shape of the coastline may play a 
role in northwestern-gulf storm formation. Speculating again, perhaps these 
act together to focus instability in this area, by inducing a center of cyclonic 
circulation in the northwest gulf through offshore-directed flow originating 
along the coast, having a focal point in the northwest gulf. Some work along 
these lines has been done by Atlas and Chou (1983) concerning a sharp re­
entrant in a coastline and its effects on the surface boundary layer during
cold-air outbreaks. In the Long Island Bight, they note the tendency for 
surface isobars to parallel the coastline, with low pressure offshore, induced 
by the SST distribution and the shape of the coastline.
Even though the average, winter flow in the western gulf is not perpendic­
ular to the mountains, being southerly, Figs. 3.1 and 3.2, western gulf cy­
clogenesis may still have elements of lee-side cyclogenesis, at least during 
cold-air outbreaks. If winds are from the northwest, there is some flow per­
pendicular to the mountains, and a lee-type disturbance may form. Tibaldi 
et al. (1990) have discussed Alpine, orographic cyclogenesis during cold-air 
outbreaks, when surface, north winds are perpendicular to the Alps. They 
develop a theoretical case for lee cyclogenesis even in the presence of surface 
flow parallel to the mountains.
5. Genesis of frontal-wave cyclones over the gulf area peaks in the winter months: 
December, January, and February, in any year, Fig. 2.1.
6. During all 30 years, winter frontal-wave cyclones are about evenly distributed 
over the coastal plain, shelf, and slope, Fig. 2.3. (Over the Gulf of Mexico, 
storms rarely form over abyssal water depths ( >3000 m, or 9840 ft). In non- 
El Niiio years the greatest percent of all December storms originates over the 
coastal plain; the greatest percent of all January storms originates out over 
the slope; the greatest percent of all February storms originates back over the 
coastal plain, Fig. 2.27. In spring and summer the greatest percent of storms 
forms over the coastal plain. In fall the greatest percent of storms moves 
farther offshore every month. From September to November, the greatest 
percent of storms forms, in sequence, over the coastal plain, the shelf, and 
last, in November, nearly equal numbers of storms form over the slope and 
coastal plain. The offshore migration in the main locus of cyclogenesis during
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autumn presumably follows the warmest water, as proposed by Lewis and 
Hsu (1992). The switch back to the coastal plain in December (and starting 
November) may represent an overriding factor then.
In the five El Nino winters, the main location of cyclogenesis is different, 
Fig. 2.27. The greatest percent of December and January storms forms over 
the slope, farther offshore than in Decembers of non-El Nino winters. The 
greatest percent of February storms forms over the shelf, also farther offshore 
than in non-El Niiio Februarys. Spring and summer of El Niiio years follow 
the same pattern as other years, with the greatest number of storms forming 
over the coastal plain. Fall storms in El Nino years do not display the offshore 
progression from September to November seen in other years, but form, in 
sequence, over the slope, the coastal plain, and then back over the slope. 
To explain the seaward shift in the location of cyclogenesis during El Niiio 
winters, compared to non-El Niiio winters, a further-southward advance of 
cold-air masses during cold-air outbreaks is hypothesized. This would also 
push the location of the warmest water southward during El Niiio winters 
as compared to non-El Niiio winters, based on evaporative cooling of surface 
waters under a cold, dry, air mass. Since there is a tendency for cooler winters 
in the gulf area in El Niiio years, one may expect that only off the continental 
shelf, in water depths greater than 200 m (656 ft), will warm surface water 
be encountered in El Niiio winters.
7. The origin points of winter frontal-wave cyclones are clustered under and 
south of the 250-mb level, mean speed maximum over the southern United 
States, or ’south je t’, probably a mix of the subtropical jet and the polar-front 
jet, an artifact of the averaging in preparing seasonal composite maps. This 
clustering exists in El Niiio and in other winters, Figs. 2.25 and 2.26. In El
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Nino springs storms are clustered under and north of the mean south jet, Fig. 
4.12; in non-El Niiio springs storms are again clustered under and south of 
the mean jet, appendix P. Summer and fall storms do not cluster under the 
250-mb, mean south jet, it being farther north then.
8. It is suggested that the concept of a ’family of wave cyclones’ (Petterssen 
1958) can be used to link gulf-area, winter storms with those forming off the 
east coast of the United States. This is done through the idealized pattern of 
divergence and convergence around a jet streak (Uccellini 1990). Considering 
the dimensions of a jet streak, one to two thousand kilometers (625 to 1250 mi) 
in length and a few hundred kilometers (125 to 250 mi) in width, the geometry 
fits a model in which most winter jet streaks would be positioned with the 
exit region off the Carolinas and the entrance region over the northwest Gulf 
of Mexico or coastal plain. The stronger divergence in the exit region can, 
in general, be related to stronger, east-coast storms. The weaker, gulf-region 
storms can be related to the weaker divergence of the entrance region. When 
gulf-region storms do not dissipate locally, but travel northeastward up the 
eastern seaboard of the United States and intensify, they are part of the 
succession in a family of wave cyclones, that is, decay in the front of the wave 
train and growth and eastward migration from rear to front.
6.1.2 G ulf of M exico-Region, W inter Cold Fronts: 1960- 
89
1. From 1960 to 1989 fewer cold fronts were experienced in the gulf region during 
El Nino winters than in non-El Niiio winters, significant at the .05 level, Table
2.1 and Fig. 2.6. No trend was observed for La Nina winters in the direct 
cold-front counts. The El Nino-winter results are supported by the weather-
type data which shows a lower frequency of occurrence of the sum of the two 
weather types, Frontal Gulf Return and Gulf Return, during El Nino winters 
than during non-El Nino winters, significant at the .05 level, Table 2.3 and 
Fig. 2.11. This support is only to the extent that the frequency of the sum of 
the two weather types, Frontal Gulf Return and Gulf Return, is representative 
of the number of cold fronts reaching the gulf and coastal plain. Taken alone, 
the Gulf Return weather type is less common in El Nino winters, significant 
at the .05 level, Table 2.3 and Fig. 2.15. The Frontal Gulf Return type is 
also less common during El Nino winters, but the drop is not significant at 
either the .01 or .05 level, Table 2.3 and Fig. 2.13. In La Nifia winters, the 
frequency of occurrence of the sum of the two weather types indicative of cold 
front passage was greater, but only significant at the .10 level, Table 2.4 and 
Fig. 2.11, while the direct cold-front count showed no trend at all.
2. The observation of fewer cold fronts reaching the gulf area in El Nino winters 
between 1961 and 1990 implies that the above-mentioned cooler, El Nino- 
winter temperatures at gulf-area stations must result from either stronger 
cold-air outbreaks, or clouds and precipitation associated with more-frequent 
storms, or both. About an equal number of land stations show both signifi­
cantly cooler temperatures and increased precipitation, but only two of eight 
climatic divisions show significantly cooler El Nino winters. This is less than 
the eight of eight divisions which show significantly increased precipitation. 
This, and the greater subjectivity of the cold-front counts, indicate a need 
for further work in this area. The suggestion that cold-air outbreaks may 
be ’stronger’ over the gulf region during El Nino winters needs to be pur­
sued, starting with a definition of ’strength’ or ’intensity’ of a cold-air out­
break, and development of indicators of this. Possible measures of intensity
include north-wind speed and duration, surface-temperature and dew-point 
drops, surface-pressure rise after frontal passage, and the extent of south ad­
vance before becoming stationary. During the 1982/83 El Nino event, many 
strong cold-air outbreaks were experienced in the gulf region, if the strength 
of cold-air outbreaks is measured by surface-temperature and dew-point falls, 
appendix T.
The notion, implicit throughout this work, that the best measure of the 
strength or intensity of a cold-air outbreak is its temperature and humidity 
content, (as these control pressure and so, wind speed) specifically, as they 
contrast with ambient gulf air, needs to be examined, as does another notion 
used here implicitly. That is the idea that stronger the contrast in airmass 
charactersitics between cold-surge air and gulf air, the more likely is the gen­
esis of frontal-wave cyclones. Putting these last two together, conceptually, 
it would be quite neat if, all other things being equal, stronger cold-air out­
breaks were more likely to generate frontal-wave cyclones, as an additional, 
(hypothesized) explanation for the increase in the number of frontal-wave cy­
clones in El Nino winters. In winter at least, this may be so. Strong fronts do 
not usually become stationary until far offshore, and in winter, warm, surface 
waters are likely to be first encountered there, shelf water being chilled by 
preceeding cold-air outbreaks (Lewis and Hsu 1992). Early and late in the 
cold-front season, where a front becomes stationary may not be as critical, 
the coastal plain and shelf waters both being relatively warm.
3. Since most winter storms originating over the gulf area form along cold fronts, 
one would expect the El Nino-winter increase in frontal-wave cyclones to be 
accompanied by an increase in the number of cold fronts reaching the area. 
Likewise, one might expect fewer cold fronts in La Nina winters. Instead they
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are indirectly proportional in El Nino winters and in La Nina winters, either 
not related at all, or again weakly indirectly proportional. Either many of the 
cold-air surges in El Nino years differ in some way, such as in airmass char­
acteristics, from those in other years, or gulf-area cyclogenesis is more likely 
when there is a longer time between frontal passages. Perhaps a longer recur­
rence interval allows recovery of the southerly flow of warm, moist air, enhanc­
ing the likelihood of cyclogenesis upon arrival of the next cold-air mass. The 
same state could also be effected simply by stronger cold-air outbreaks (higher 
pressure, cooler temperature, and drier air in the south-moving air mass), in 
as much as, the stronger the high pressure behind the front, the stronger 
the south winds preceding frontal passage, and presumably, the greater the 
transport northward of gulf-maritime air.
The lack of parallelism between the numbers of storms and cold fronts also 
shows up in the 1940 to 1989 data. Over the 50-year term, the number of 
cold fronts arriving in the region per winter year (1 September to 31 August, 
to coincide with the cold-front season in the gulf and with El Nino events) 
decreased, significant at the .01 level, while the number of frontal-wave cy­
clones remained flat, Figs. 5.4 and 5.6, Tables 5.6 and 5.7. If only the last 30 
years are examined, the opposite is true. While the number of cold fronts per 
winter year has been flat over the last 30 years, the number of frontal-wave 
cyclones has increased, significant at the .01 level, Figs. 5.3 and 5.5, Tables 
5.6 and 5.7.
6.1.3 850-mb Level Winds: W inter, G ulf o f M exico Re­
gion, 1967-89
1. A belt of weakened westerlies across the southern United States is present 
in the mean, winter, 850-mb wind field for the four El Nino winters between
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1967 and 1989. The zone of weaker westerlies lies between 30° and 40°N 
between 70° and 110°W, Fig. 3.3. The amount of the weakening is less than 
2.5 ms-1 (5 kt). It may be attributable to a decreased pressure gradient from 
south to north during El Nino winters. The decreased pressure gradient is 
indicated by slightly higher mean sea-level pressure ( + 1.4 mb) in the region 
of the Icelandic low, and by slightly lower high pressure (-1 mb) over the 
southern United States, the Gulf of Mexico region, and the western Atlantic, 
Fig. 3.6. The lowered high pressure over these last three areas is the result 
of a 10° eastward shift in (at least the western edge of) the Bermuda high 
in El Nino winters, compared to non-El Nino winters, Figs. 3.4 and 3.5. A 
consequence of the weakened westerlies over the southern United States during 
El Nino winters may be decreased advection of cold, dry air from the west, 
except during cold-air outbreaks, allowing a greater accumulation of heat and 
moisture between cold-air outbreaks. This is likely to favor cyclogenesis upon 
arrival of the next cold-air mass.
2. In any winter, the average, 850-mb level circulation over the gulf and coastal 
plain is weakly anticyclonic, 2.5 to 5 ms-1, though not closed on the eastern 
end, Figs. 3.1 and 3.2. This anticyclonic circulation is the result of east­
erly trades in the southern gulf and westerlies across the northern gulf. (The 
switch between these two occurs at the Tropic of Cancer, over the deep, cen­
tral gulf.) Southerly winds in the western gulf, connecting the trades and 
westerlies, appear to result from northward deflection of the trades by the 
Sierra Madre Orientals on the Mexican landmass. In El Nino winters this an­
ticyclonic circulation is weakened, due partly to the above-mentioned weaker 
westerlies, and partly to some weakening of the easterly trades across the 
southern gulf, central Mexico, the Yucatan, and the northwestern Caribbean,
Fig. 3.3. Since the southerly mean flow along the western side of the gulf ap­
pears to be due to northward deflection of the easterly trades, diminishment 
of the trades in El Nino winters must lead to diminishment of the southerly 
flow. Average, south-wind speeds along the western shelf in El Nino winters 
are about half what they are in non-El Nino winters.
The weakened anticyclonic circulation over the gulf during El Nino winters is 
inferred from the presence of a cyclonic residue on the 850-mb wind-difference 
map, Fig. 3.3. Its cause could be as just outlined, or there could actually 
be more, basin-scale, cyclonic events in El Nino winters, events other than 
frontal-wave cyclones. For example, north wind difference seen in the western 
gulf may result from stronger or more-frequent north winds, rather than sim­
ply less south wind. Between Brownsville, Texas and the Bay of Campeche, 
at the 850-mb level (about 1500 m or 4920 ft) north winds may be prevented 
from spreading westward by high topography to the west. The Sierra Madre 
Orientals here are 1-2000 m ( 3280 to 6560 ft) elevation. Once past the Bay 
of Campeche and the Yucatan Peninsula, high topography in Central Amer­
ica prevents southward and westward advance, and north winds are forced to 
curve cyclonically to the east, thus constituting a basin-scale, cyclonic event. 
This also conserves potential vorticity. Since the Coriolis parameter decreases 
with south transport, potential vorticity can be conserved by adding positive 
(cyclonic) vorticity, assuming no change in flow depth while over the gulf 
and the coastal plain. Invoking more frequent north winds seems to contra­
dict the finding of fewer cold fronts during El Nino winters. Therefore, this 
’north wind’ explanation, to be of any merit, must imply a greater number of 
strong cold-air outbreaks during El Nino winters, compared to non-El Nino 
winters. As discussed above, the strength of cold-air outbreaks in El Nino
winters compared to non-El Nino winters needs to be investigated. Evidence 
at hand, though indirect, for stronger cold-air outbreaks in El Nino winters 
is the observation that El Nino-winter storms form over deeper water than 
in non-El Nino winters, significant at the .05 level. This implies that cold-air 
masses advance farther south during El Nino winters before becoming sta­
tionary and spawning frontal-wave cyclones. Greater southward advance of 
cold-air masses also increases the likelihood of cyclogenesis in as much as, 
when a cold front becomes stationary and is likely to spawn frontal-wave 
cyclones, it will be positioned over the warmer surface waters of the deep 
gulf.
3. In El Nino winters, normally due-east trades in the northern Caribbean switch 
to slightly south of east, in addition to weakening somewhat, Figs. 3.1 and 
3.2. This component of the wind effectively ’trains’ a stream of heat and 
moisture from the tropics on the Gulf of Mexico during El Nino winters that 
bypasses the gulf during non-El Nino winters. Warm surface waters may also 
enter the gulf through the Straits of Yucatan, in response to the east-southeast 
winds. Both raise the likelihood of gulf cyclogenesis. Crisp and Lewis (1992), 
citing Rasmussen (1967), state that February and March are the months of 
maximum moisture import (from the Caribbean) into the gulf. The added, 
southerly component of the wind in El Nino winters is advantageously timed 
to have maximum impact on moisture advection. (Average spring winds over 
the northwest Caribbean are from the southeast in El Nino and non-El Nino 
years, appendix C.)
At least a partial explanation for the added, southerly component of the 
850-mb level winds over the northwest Caribbean during El Nino winters 
(Fig. 3.3) may involve the 10° eastward shift in (at least the west edge of)
the Bermuda high. During El Nino winters, this places the Caribbean in a 
more distal location relative to the center of the high than in non-El Nino 
winters. On the west side of the high, theoretically at least, at points farther 
from the center, outward-flowing winds will have undergone greater northward 
turning due to the Coriolis acceleration compared to more central locations, 
where winds should be nearer due east. This must be qualified as only a 
partial explanation for the south wind residue in the northwest Caribbean 
because the high is similarly shifted east in El Nino springs, compared to 
non-El Nino springs. The wind-difference pattern between El Nino and non- 
El Nino springs shows much less south residue in the area south and east of the 
gulf, the Caribbean and adjacent Atlantic, Fig. 4.34. If the ’Bermuda high’ 
explanation is sufficient for winter, another feature of the 850-mb circulation 
must oppose the addition of south wind by this same mechanism in El Nino 
springs compared to non-El Nino springs.
4. At the 850-mb level, all but the west gulf is more convergent in El Nino 
winters than in non-El Nino winters, Fig. 3.9, this being compensation for 
increased upper-level divergence. However, the western gulf (but not the 
eastern gulf) shows more positive relative vorticity in El Nino winters, Fig.
3.12. The positive relative vorticity difference in the western gulf is the result 
of reduced anticyclonic circulation in El Nino winters. In both El Nino and 
non-El Nino winters, the average relative vorticity is negative over all but 
the extreme southeast and southwest corners of the gulf, Figs. 3.10 and 3.11. 
The lobe of negative average relative vorticity, visible in both winter types, 
quite likely indicates the average advance of cold-air masses during cold-air 
outbreaks. This is based on assuming high pressure and anticyclonic motion 
in these cold-air masses, implying negative relative vorticity. In El Nino years
this lobe extends farther southeast, reaching to western Cuba, while in non- 
El Nino winters, it stops about 500 km ( 315 mi) northwest of there. This 
implies quite strongly a strengthening of cold-air outbreaks (or more very 
strong ones) in El Nino winters, in as much as cold-air masses are able to 
maintain their integrity longer, and advance farther south before warming 
from below causes them to become stationary. The territories most affected 
by the longer reach of cold air in El Nino winters are the Straits of Yucatan and 
the Florida Straits, the gulf’s oceanographic entrance and exit, respectively. 
There is thus a potential for episodic imprinting of surface waters entering 
(and leaving) the gulf by transient cold-air masses (a tracer-like concept).
The average, El Nino-winter, 850-mb divergence field over the gulf region 
shows an unexpected result. While much of the gulf and coastal plain is con­
vergent on average, much of the western gulf is under a zone of divergence 
at the 850-mb level, Fig. 3.9. Much of the area of greatest concentration of 
cyclogenesis is beneath an area which is divergent on average. Further, this 
western-gulf divergent zone is present in every season and in any year, al­
though its core is smaller and pushed farther offshore during El Nino winters 
compared to non-El Nino winters, Figs. 3.7 and 3.8 and appendix E. The 
zone is also present on monthly plots, not shown. The western-gulf divergent 
zone is a curvilinear band, elongate in the north-south direction. It paral­
lels the mountains in Mexico and the southern Rockies and mirrors a zone 
of convergence above them of roughly equal dimensions. It is important to 
explain the origin of the western-gulf, 850-mb level divergence zone in a man­
ner that is consistent with the observation that many frontal-wave cyclones 
form under that area. Initially, one would expect storms to form in regions of 
near-surface convergence. Three possible explanations for the western-gulf di­
vergent zone are now described: the ’topographic’, the ’cyclone-induced’, and 
the ’cold-air damming’ explanations. Data is not at hand to prove or refute 
what follows. They are simply suggested ways to account for the western-gulf 
divergent zone. They raise as many questions as they answer and are intended 
as stimulus for future work.
(a) Topographic Explanation: Considering the close relationship to to­
pography (parallel, and roughly the same length and width as the moun­
tains to its west), and its persistence over the year, the divergence zone 
must, at least partially, be set up by the mountains. Along the northern 
extent of the divergent zone, in the latitude of the westerlies, divergence 
could result from streamline spreading and vertical lengthening as air 
columns expand vertically after crossing the mountains. In winter, the 
widest part of the zone, however, lies south of the westerlies, in an area 
of weak, average southerly wind blowing along the western shelf. This is 
so in both types of winter, although the southerlies are even weaker in 
El Nino winters. South of the westerlies, it is difficult to conceive of an 
orographic mechanism to create the divergence zone when the average 
flow is parallel to the mountains. To be sure, events will vary, but the 
average divergence field should represent the average flow.
Two other topographic effects may be important. These are diurnal, 
the sea breeze and the mountain wind, both due to differential heat­
ing. Divergence observed in the western gulf could in part be due to a 
daytime, onshore-directed, sea breeze, with descending motion offshore 
supplying the divergence there. Similarly, daytime, upslope, mountain 
winds, implying descending motion along the foot of the mountains, over 
the coastal plain, could contribute to the onshore portion of the diver­
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gence zone. These effects add constructively. In each, to account for the 
divergence zone, the daytime effects must predominate in the averages. 
The obvious problems with each are: first, the average, winter winds 
in the divergence zone are south, not east; second, sea and mountain 
breezes may not be supported at this scale, although the sea breeze in 
peninsular Florida is capable of penetrating about a degree of longitude 
inland (Nicholls et al. 1991).
(b) Cyclone-Induced Explanation: Bjerknes and Holmboe (1944) first
described a theoretical distribution of divergence and convergence around 
a surface cyclone that is still widely accepted, though recognized as gen­
eral. Surface convergence is expected ahead of a surface low-pressure 
center and surface divergence is expected behind the cyclone. This rep­
resents pressure fall ahead of a cyclone and pressure rise behind it. In a 
broad sense, the average, El Nino-winter, 850-mb level convergence over 
the eastern gulf may be Bjerknes and Holmboe’s convergence ahead of 
cyclones, and the western-gulf divergence may be their divergent region 
behind cyclones. This explanation for the western-gulf divergent zone 
will not work in summer, when few frontal-wave cyclones form over the 
gulf region.
(c) Cold-Air Damming Explanation: The western-gulf divergent zone,
in winter, may result from cold-air damming along the east side of the 
southern Rockies and Sierra Madre Orientals. Just as the easterly trades 
appear to be deflected northward by the mountains in Mexico, perhaps 
north winds accompanying cold-air outbreak are prevented from spread­
ing westward by topography, being forced, at least at the 850-mb level 
and below, into a cold-air ’channel’. During north-wind events, the diver-
gence may be due to velocity increase heading south, as air is constricted 
into the channel by a coastal plain that narrows to the south, and as the 
trajectory over water lengthens (a fetch-like concept). The increase in 
magnitude of the north wind residue from north to south in El Nino 
winters in the western gulf supports this velocity-increase, Fig. 3.3. 
Further support is lent by the 850-mb level temperature differences be­
tween El Niiio and non-El Nino winters, Fig. 4.19. At the 850-mb level 
the western gulf is 1.0 to 0.4°C cooler in El Nino winters than in non-El 
Nino winters. This means that if cold-air damming or channelization 
does occur, it is more active in El Nino winters than in non-El Nino 
winters. (It does not mean that the western gulf is cooler than the east­
ern gulf in El Nino winters. The slightly warmer 850-mb temperatures 
over the western gulf compared to the eastern gulf in normal winters 
are either eroded or erased in El Nino winters, Figs. 4.20 and 4.21.) 
Note that the tongue shape of the cooler temperatures over the western 
gulf in El Nino winters is not consistent with simply weaker south winds 
warming the region less in El Nino winters. If the cooler temperatures re­
sulted only from weaker southerlies, the tongue should be pointing from 
south to north, since the north wind residue is greatest in the south and 
decreases northward.
As a cautionary note, the north wind residue in Fig. 3.3 implies either 
more north wind or less south wind, and a physical reason can be posed 
for each. These are: less south wind caused by a reduction in the easterly 
trades, and consequently, less northward deflection; alternatively, more 
north wind due to stronger cold-air outbreaks. In view of the decreased 
number of cold-air surges in El Nino winters, the obvious physical choice
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is simply less south wind. Unfortunately, this provides no explanation for 
the western-gulf divergence zone and is inconsistent with the geometry of 
the 850-mb level temperature difference. An explanation which accounts 
for the divergence zone, the weaker south winds along the western shelf, 
the negative temperature difference in the western gulf, and which uses 
topography, is the the cold-air channel, or cold-air damming explanation. 
Unfortunately, this requires the additional postulate of stronger cold-air 
outbreaks in El Nino winters, leaving the m atter unsettled.
It is suggested that all three proposed mechanisms may, at some time, ac­
count for the western-gulf divergent zone, though all do not operate in all 
seasons, nor contribute equally. The mountain-wind part of the topographic 
explanation works in all seasons, but the sea-breeze portion works best in the 
warm season. The ’cyclone-induced’ explanation and the cold-air damming 
explanation work in winter, and to a lesser extent, in spring and fall.
6.1.4 250-mb Level Winds: W inter, G ulf o f M exico Re­
gion, 1966-89
1. The 250-mb level, mean speed maximum over the southern United States, the 
’south je t’, (approximately the subtropical jet, but quite likely a mix of that 
and the polar-front jet) is shifted south in El Nino winters between 110° and 
75°W by amounts of 200 to 285 km (125 to 180 mi), Fig. 4.9 and Table 4.1. 
Compared to the mean position of the south jet in all 24 years, these south 
displacements are not significant, even at the .20 confidence level. Over the 
western gulf, the south jet is displaced even further south in El Nino springs 
compared to non-El Nino springs, by as much as 325 km (205 mi) at 95°W; 
the shift is not significant, even at the .20 level. The south displacement in
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El Nino years is, however, significant at the .10 or .20 level in the combined 
season, winter-plus-spring, between 105° and 97°W. In El Nino winter years, 
displacement is significant at the .02 level between 105° and 95°W, and at 
the .10 or .20 level east of there, to 80°W, Table 4.1 and Fig. 4.7. In La 
Nina winters, the south jet is displaced north of the 24-year mean between 
100° and 75°W by 250 to 385 km (155 to 240 mi), Fig. 4.8 and Table 4.2; 
this is significant at the .10 or .20 level. Similar results were obtained for 
winter-plus-spring. Over the western gulf, between 100° and 97°W, spring, 
north displacement is significant at the .10 or .20 level.
2. In winter and spring of El Nino years, there is a tendency for south displace­
ments to occur nearset the longitude of the core of the south jet, to the east 
in winter, and to the west in spring.
3. Over the entire North American sector, the winter, 250-mb, mean velocity 
maximum is located off the Carolinas of the United States, over abyssal water 
depths ( >3000 m or 9840 ft) in both El Nino and non-El Nino winters, Figs. 
3.13 and 3.14.
4. The mean south jet is intensified over the southern United States by 5 to 10 
ms-1 (10 to 20 kt) in El Nino winters compared to non-El Nino winters, Fig. 
3.15. The mean north jet is weakened during El Nino winters by about 5 
ms-1 (10 kt).
5. In the five El Nino winters between 1966 and 1989, there is an apparent 
consolidation in the 250-mb, mean velocity field. In the El Nino-winter, mean 
configuration, the north jet is less pronounced than in other winters. This is 
consistent with the strengthening of the south jet and weakening of the north 
jet in El Nino winters.
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6. In El Nino winters, mean 250-mb level winds over the Caribbean are nearly 
due west, Fig. 3.13, while in non-El Nino winters they are from the southwest, 
Fig. 3.14.
7. In the northeastern Pacific, the mean jet in El Nino winters does not cross 
over the North American continent in the Pacific northwest around Vancou­
ver, British Columbia, as it does in non-El Nino winters. Instead, it takes a 
track farther south, crossing over land at the southern tip of the Ba ja Penin­
sula. In the northeastern Pacific, the mean, 250-mb level jet decelerates off of 
a velocity maximum located still further west. The area is thus a potential exit 
region for any jet streak that may develop there. Owing to strong divergence 
on the left side of a jet-streak exit region, the area is a likely spot for cyclo­
genesis. Storms formed under this exit region would travel farther south and 
east before crossing over land in El Nino winters than in non-El Nino winters. 
This represents a southward shift in the eastern-Pacific, extratropical-storm 
track in El Nino winters compared to non-El Nino winters. It may account 
for the increased storminess in southern California during El Nino winters. 
Migratory cyclones passing over the northeastern Pacific, but formed else­
where, would be similarly steered further south in El Nino winters by the 
south-turned, upper-level current.
8. The 250-mb level is more divergent in El Nino winters than in non-El Nino 
winters over all but the southwestern gulf, Fig. 3.18, although, in the El Nino- 
winter average, the whole area is convergent, Fig. 3.16. The area of increased 
divergence in El Nino winters covers all areas of winter, gulf-region cyclogen­
esis. The increased divergence in El Nino winters is the result of a stronger 
and south-displaced, 250-mb, south jet, and of the accompanying upper-level, 
cold trough behind it, as explained next. Bjerknes and Holmboe (1944) also
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predicted the general, upper-level pattern of divergence and convergence over 
surface cyclones. This is based on the regions of divergence and convergence 
found in a jet-level trough, or long wave in the westerlies (Charney 1947). It 
also presumes a location of the center of the upper trough that is just behind, 
or to the west of, the surface cyclone, putting the center of the surface cyclone 
just below the forward half of the trough. This geometry favors cyclogenesis 
(Petterssen 1956). As streamlines will converge and air will pile up on en­
tering the rear leg of the trough, this is an area of convergence. Once past 
the bottom of the trough, streamlines spread out, and air fans out, making 
the forward leg of the trough a zone of divergence. Therefore, above the 
surface cyclone, there is upper-level divergence. Behind the surface cyclone, 
under the rear leg of the upper-level trough, there is upper-level convergence. 
The roughly south-southwest location of convergent residue in the southwest 
gulf, situated behind the divergent residue of the rest of the gulf, may be the 
convergence predicted in the rear leg of the upper-level trough.
9. The increased positive divergence of El Nino winters is not accompanied by an 
increase in negative relative vorticity at the 250-mb level, Fig. 3.22. (The area 
over the gulf and coastal plain does show average negative relative vorticity 
in the winter mean in both types of year, Figs. 3.19 and 3.20.) Since the 
positive divergence difference results from upper-level troughing and jet-streak 
dynamics, rather than simple anticyclonic motion, extra positive divergence 
need not necessarily be accompanied by extra negative relative vorticity. In 
fact, the region has a strong positive relative-vorticity difference, Fig. 3.22. A 
wide band of positive relative-vorticity difference extends from the northeast 
Pacific, crossing much of the western United States and the entire gulf region, 
and extends into the Atlantic. Over the eastern Pacific, the band of positive
relative-vorticity difference is bounded on the south by the 250-mb south jet. 
This implies that the positive relative-vorticity difference over the Pacific in El 
Nino winters is due to the strengthening of the south jet and of the resulting 
added, cyclonic shear to its north. Over the gulf region, this pattern breaks 
down, with the mean, south-jet track cutting diagonally across the band of 
positive residue. Finally, over the Atlantic, the pattern is completely reversed. 
There, the mean, south-jet track roughly divides a region of negative relative- 
vorticity difference to the north from one of positive difference to the south. 
At this eastern end, again imperfectly, the mean south jet divides a region 
of decreased speeds to its north from one of increased speeds to its south, 
a reversal of the pattern over the western United States. Decreased speeds 
to the north of the jet result in less cyclonic (positive) shear north of the 
jet, producing the negative relative-vorticity difference to the north of the jet 
axis. South of the mean jet axis, where winds are generally stronger in El 
Nino winters, the explanation is not as simple. Increased speeds should result 
in more anticyclonic shear to the south of the jet axis, and this should show 
up as a negative relative-vorticity residue. Instead, it is positive.
The Gulf of Mexico region, midway between these two regimes on the west 
and east, is a zone of transition. The most obvious way to bring extra positive 
relative vorticity to the gulf area is within jet-level troughs, the circulation 
within them being cyclonic, or positive. The positive relative-vorticity differ­
ence over the gulf and adjacent Atlantic, during El Nino winters, may owe 
to more frequent advection of positive relative vorticity within upper-level 
troughs. Vorticity advection may also explain the imperfect fit of the pattern 
of negative relative-vorticity difference to the velocity decreases north of the 
jet over the Atlantic off the southeastern United States. (Note that the mean,
250-mb wind speed axes are drawn subjectively, and this too may account for 
the apparently imperfect fit.)
6.1.5 Interm ediate- and Upper-Level Troughing: W inter, 
G ulf o f M exico Region, 1963-89
Intermediate- and upper-level troughing, indicated by lower heights and cooler tem­
peratures of constant-pressure surfaces, is present in El Nino winters. Troughing 
is centered on the Aleutian low, reaches from sea level to the 200-mb level, and 
extends southeastward toward the Gulf of Mexico at all levels checked, that is, the 
850-, 700-, 500-, and 200-mb levels, Figs. 4.16, 4.19, 4.22, 4.25, 4.28, and 4.31. 
Average height and temperature drops over the gulf area in El Nino winters are the 
southeastern periphery of those centered over the Aleutian low, making the Gulf of 
Mexico an ’outpost’ of the low in El Nino winters. Enhanced troughing also reaches 
to the gulf during El Nino springs. The magnitude of the average negative height 
differences in El Nino winters is -10 to -20 m (-33 to -66 ft) which is 4 to 20% of 
the local, gulf-region, El Nino-winter relief of the constant pressure surfaces used. 
Average negative temperature differences are up to -1.0°C, which is about 10% of 
the range over the gulf region in El Nifio winters. Sea-level pressure is one millibar 
lower, on average, over the area, Fig. 3.6. Expressed as percentages of the local 
range of values, these differences are about half the size of those over the central 
area of the Aleutian low.
In general, the region of negative height and temperature difference reaches 
over more of the gulf region at lower levels, the zero-difference line migrating to the 
northwest with height. In winter the average 850- and 700-mb levels are -10 m lower 
(-33 ft), Figs. 4.16 and 4.22, and the 850-mb temperature is -1.0 to 0°C cooler, 
Fig. 4.19. The 500-mb level is -20 to 0 m lower, Fig. 4.25; the -20 m difference is
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located over the northwest coastal plain. 500-mb temperature differences are not 
negative over the whole area of negative height differences, reaching only as far as 
the western gulf, Fig. 4.28. The remainder of the gulf is up to 1.0°C warmer in 
El Nino winters. (The meaning of the lack of correspondence between the average 
height and temperature differences at the 500-mb level is not apparent. The 500- 
mb level is near the average level of non divergence, and this may be a factor.)
200-mb level negative height differences retreat further northwest, only reaching to 
the northwest coastal plain (-15 m or 50 ft), while the rest of the gulf region has a 
positive 200-mb height difference, up to 50 m (165 ft) over the Bay of Campeche, 
Fig. 4.31. The northwest migration with height of the location of negative average 
height and temperature differences is evidence of the westward tilt with height of 
the upper-level continuation of surface troughs. That evidence of troughing is seen 
from the surface to the 200-mb level, is good indication of more frequent upper-level 
support for nascent surface disturbances in El Nino winters, as compared to non-El 
Nino winters.
Extensions of the Aleutian low are positioned to have maximum impact on the 
gulf region by their proximity to the critical, northwestern-gulf, cyclogenetic area. 
The extensions, and so, the upper-level support, need only reach the northwest gulf 
to increase the frequency of cyclogenesis, provided that other necessary conditions 
are met, such as the existence of a surface front or baroclinic zone and the presence 
of adequate heat and moisture for cyclone growth. As mentioned above, upper- 
level troughing exists in El Niiio springs, but there is no increase in the number 
of storms formed in El Nino springs over non-El Nino springs. Presumably, in El 
Nino springs, necessary conditions near the surface or at the jet level are not met.
6.1.6 Spring Cyclogenesis
The three elements for gulf-area cyclogenesis, an upper-level jet, continuous trough­
ing from the surface to the jet level, and adequate surface heat and moisture, in 
the presence of a front or baroclinic zone, must more often be present concurrently 
to produce an increase in cyclogenesis over the gulf area. For example, in El Nino 
springs there is not an increase in storm formation, even though the mean south jet 
is farther south, Figs. 4.3 and 4.4, and negative height and temperature differences 
at intermediate and upper levels are present, appendices B, D, G, H, I, and N. 
Proper surface conditions are lacking in El Nino springs. The 850-mb wind-residue 
pattern in El Nino springs, Fig. 4.34, is very different from that in El Nifio winters, 
Fig. 3.3. The southerly component of the wind difference, directed gulfward in El 
Nino winters, is much diminished in El Nifio springs, reducing the El Niho-spring, 
excess import of heat and moisture to the gulf from the Caribbean. Although the 
south jet is farther south in El Nifio springs, with respect to both the El Nino-winter 
position, and to the non-El Niiio spring position, Table 4.1, the intensification of 
the south jet in El Nifio springs compared to non-El Nifio springs is less than in 
winter, 5 ms-1 (10 kt) or less in spring, compared to 5 to 10 ms-1 (10 to 20 kt) 
in winter, Figs. 4.11 and 3.15. In absolute terms, the south jet is not as strong 
in El Nifio springs compared to El Nifio winters, 33 ms-1 (66 kt) compared to 45 
ms-1 (90 kt) maximum speed, Figs. 3.13 and 4.10. In El Nifio springs the area of 
maximum intensification is south of that in El Niiio winters, being over Mexico and 
the adjacent Pacific, instead of over the Gulf of Mexico. Other factors acting to 
suppress gulf-region cyclogenesis in El Nifio springs follow. First, there is a strong 
zone of convergence at the 250-mb level over the west gulf in El Nifio springs, Fig.
4.12. The 250-mb divergence difference over the west gulf is negative in El Nifio 
springs, indicating increased convergence instead of divergence, Fig. 4.13. Second,
the core of the south jet in El Nifio springs, at 98°W, up aginst the east side of 
the southern Rockies, is shifted almost 30° west of its location in El Niiio winters 
at 70°W, Figs. 4.10 and 3.13. Although this shift would appear to more often 
place the gulf area under the exit region of a jet streak in El Niiio springs, storm 
formation is not increased. Speculating, perhaps the terrain most often spanned by 
a jet streak in El Nino springs is unfavorable for jet-to-surface or entrance-to-exit 
region pairing. Finally, although not an El Nino-non-El Niiio difference, there are 
fewer cold fronts in any spring, which must decrease the likelihood of cyclogenesis 
in any spring.
C H APTER 7 
CONCLUSIONS
1. More frontal-wave cyclones were generated over the Gulf of Mexico and coastal 
plain in the five El Nino winters than in the 25 non-El Niiio winters between 
1960 and 1989. The three conditions accounting for the increase are satisfied 
concurrently only in winter, the only season that shows significantly increased 
cyclogenesis over the gulf in the five El Nifio years. The three conditions 
follow.
(a) Near-Surface Conditions: Near the surface, between 1967 and 1989,
the 850-mb level is predisposed to cyclogenesis during El Niiio winters by 
increased import of heat and moisture from the Caribbean by southeast­
erly winds over the northwest Caribbean, directed gulfward. In non-El 
Niiio winters winds here are due east, bypassing the gulf. At the 850-mb 
level, the gulf region is more convergent and has more positive relative 
vorticity in El Niiio winters than in non-El Niiio winters. This is true 
over all but a portion of the western gulf, which is, on average, divergent 
in all seasons and all years. In winter the divergence may be surface- 
cyclone induced, being the divergent area predicted by Bjerknes and 
Holmboe (1944) behind a surface cyclone. During cold-air outbreaks, it 
may be produced by velocity increase from north to south in a cold-air 
channel, produced by cold-air damming of north winds against the Sierra 
Madre Orientals and southern Rocky Mountains. In the warm season, 
the divergence zone may owe to a large-scale sea-breeze system. In any 
season, the onshore portion may owe to a mountain-wind system. The 
last two would reinforce each other, and both depend on the daytime 
effect being stronger than the nightime effect.
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(b) Intermediate- and Upper-Level Troughing: There is stronger upper- 
level support for surface disturbances in El Nino winters than in non-El 
Niiio winters. Evidence for this is the presence of intensified troughing 
from the 850-mb level to the 200-mb level in El Nifio winters between 
1963 and 1989. Deeper troughing is inferred from negative height and 
temperature differences between El Niiio and other winters at the 850-, 
700-, 500-, and 200-mb levels. These indicate stronger upper-level exten­
sions of surface troughs, continuous with height, and stronger troughs 
at jet level in El Niiio winters than in non-El Niiio winters.
(c) Jet Stream: The mean, 250-mb level winter jet over the gulf area is
intensified, relative to non-El Niiio winters, and displaced to the south, 
relative to all winters between 1966 and 1989. This is corroborated by a 
positive divergence difference and a positive relative-vorticity difference 
over the region between El Niiio and non-El Nifio winters.
2. During the five El Niiio winters from 1966 to 1989, the 250-mb level, winter- 
season, average speed maximum, or jet stream, off the Pacific North American 
coast follows a more southerly track than in the 19 non-El Niiio winters during 
the time. The El Nino-winter, average jet coming off the northeastern Pa­
cific crosses over the North American continent from the Pacific Ocean in the 
vicinity of the Baja Peninsula, rather than over British Columbia and Wash­
ington state, as does the non-El Nifio-winter average jet. This is likely to be 
the reason for the increase in the number of storms over southern California 
during El Nifio winters.
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3. Over approximately the last 100 years, in the Gulf of Mexico region, El Niiio 
winters have been wetter and cooler than non-El Niiio winters, and La Nina 
winters have been drier and warmer than non-La Nina winters, based on 
land-based precipitation and temperature records.
4. During extreme phases of the ENSO, that is, during Northern Hemisphere 
winters of El Niiio and La Nina events, the number of cold fronts reaching 
the Gulf of Mexico or its coastal plain is inversely related to the number of 
frontal-wave cyclones forming there. This relationship is best documented 
between 1960 and 1989, a time which includes five El Niiio and eight La Nina, 
winters, by three independent lines of evidence, that is, direct storm and cold- 
front counts, synoptic weather-type frequencies, and land-based temperature 
and precipitation records. The relationship also appears to hold for the ten 
El Niiio winters between 1940 and 1989, but not for the ten La Nina winters, 
on the basis of direct, storm and cold-front counts only.
5. Examining trends over time, from 1960 to 1989, the number of winter, frontal- 
wave cyclones forming over the Gulf of Mexico or its coastal plain increased, 
but the number of winter cold fronts reaching the area remained constant. 
From 1940 to 1989, number of cold fronts reaching the area in winter de­
creased, but the number of winter, frontal-wave cyclones forming over the 
Gulf of Mexico or its coastal plain neither increased nor decreased. The 
increase in the number of frontal-wave cyclones forming over the gulf area 
between 1960 and 1989 appears to compensate for a decrease observed by 
Whittaker and Horn (1982) over the North American sector, north of 40°N.
6. The greatest concentration of gulf-area frontal-wave cyclones forms over the 
northwest Gulf of Mexico in any year, and in any season but summer, when 
frontal-wave cyclone formation is rare. Therefore, the propensity for cycloge-
nesis there must be independent of ENSO state and of season. This points to 
a topographic/bathymetric explanation based on the Sierra Madre Orientals 
and southern Rocky Mountains and on the geometry of the continental shelf 
and its effect on SST distribution. The northwest gulf is the place where 
northeast-southwest trending cold fronts first encounter the warm, moist a t­
mosphere over the gulf, probably a factor in the northwest gulf’s predisposi­
tion to cyclogenesis.
7. Between 1960 and 1989, El Niiio- and La Nina-winter effects on the Gulf 
of Mexico region are of equal magnitude and opposite sign regarding the 
formation of frontal-wave cyclones, total rainfall, average temperature, and 
possibly, cold-front incidence. From 1966 to 1989, El Nifio- and La Niiia- 
winter effects on the average position of the 250-mb level jet, over the southern 
United States, are equal and opposite.
8. Seasonal averages of dynamic quantities appear to be of some use for delin­
eation of large-scale, long-term, ENSO-related, meteorological phenomena. 
Simple difference fields of these seasonal averages are even more useful for 
discerning regional differences between El Niiio and non-El Niiio seasons, as 
these may be masked in the seasonal averages. The rank sum test appears 
to be capable of discrimating differences between El Nifio and non-El Nifio 
years, and between La Nina and non-La Niiia years.
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Figure A.9: Mean sea-level pressure , w in ter-p lu s-sp ring , all years, 1947-89.
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Figure A. 11: Mean sea—level pressure, sum m er, non—El Nino years, 1946-88.
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Figure A. 14: Mean sea-level pressure, fall, non-E l Nino years, 1946-88.
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Figure A.20: Mean sea—level pressure, spring, 1947-89, difference.
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Figure A.21: Mean sea-level pressure, w in te r-p lu s-sp ring , 1947-89, difference.
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Figure A.22: Mean sea—level pressure, sum m er, 1946—88, difference.
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Figure A.23: Mean sea—level pressure, fall, 1946—88, difference.
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Figure A.24: Mean sea—level pressure, winter year, 1946—87, difference.
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIEEERENCE
8 5 0  MB H e igh t  (M) C on tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height 
Negative Values Ind icate Lower Height in El Nino Years 
Positive Values Ind icate H igher Height in El Nino Years 
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Figure B.20: 850-m b height, spring, 1963—89, difference.























ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
8 5 0  MB H e igh t  (M) C on tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height 
Negative Values Ind icate Lower Height in El Nino Years 
Positive Values Ind icate H igher Height in El Nino Years 
Heavy Dashed Line: El Nino, 250|r-rribNSpeedJvlax. ^ N e g a t i v e  Contours Dashe
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Figure B.21: 850—mb height, w inter—plus—spring, 1963—89, difference.























ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
8 5 0  MB H e igh t  (M)_________  c o n to u r  Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height 
Negative Values Ind icate  Lower Height in El Nino Years 
Positive Values Ind icate  H igher Height in El Nino Years 
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ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
8 5 0  MB H e igh t  (M) C o n tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height 
Negative Values Ind ica te  Lower Height in El Nino Years 
Positive Values Ind icate  H igher Height in El Nino Years 
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
8 5 0  MB H e igh t  (M) C on tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height 
Negative Values Ind icate Lower Height in El Nino Years 
Positive Values Ind icate H igher Height in El Nino Years 
Heavy Dashed Line: El Nino, SpeedJvlax.  ^ N e g a t i v e  Contours Dashe<;
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Figure B.24: 850-m b height, w inter year, 1963-87, difference.
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ALL EL NINO YEARS, 1 9 6 7 - 8 9 ,  WINTER SEASON, 621 POINTS
8 5 0  MB WIND SPEED, m / S 6 C  C o n to u r in terval Is 2.5 m /s e c
Arrows Fly with the  Wind
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ALL NON EL NINO YEARS, WINTER, 1 9 6 7 - 8 9 ,  621 POINTS
8 5 0  — MB WIND SPEED, m / s 6 C  C o n tou r Interval Is 2 .5  m /s e c
Arrows Fly with the Wind
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ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER SEASON, 621 POINTS
8 5 0 - M B  WIND SPEED, m /  S 6 C  C o n to u r Interval Is 2 .5  m /s e c
Arrows Fly with the  Wind
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Figure C.3: 850-m b wind vectors, winter, all years, 1967-89.










ALL EL NINO YEARS, 1 9 6 7 - 8 9 ,  SPRING SEASON, 621 POINTS
8 5 0 — MB WIND SPEED, m / S 6 C  C o n tou r Interval Is 2.5 m /s e c
Arrows Fly with the  Wind 
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ALL NON EL NINO YEARS, SPRING, 1 9 6 7 - 8 9 ,  621 POINTS
8 5 0  MB WIND SPEED, W \ / S G C  C ontou r Interval Is 2.5 m /s e c
Arrows Fly with the Wind
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ALL YEARS, 1 9 6 7 - 8 9 ,  SPRING SEASON, 621 POINTS
8 5 0  — MB SPEED, I T l / s G C  C o n tou r Interval Is 2 .5  m /s e c
Arrows Fly with the Wind
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ALL EL NINO YEARS, 1 9 6 7 - 8 9 ,  WINTER+SPRING, 621 POINTS
8 5 0  MB WIND SPEED, m /s6 C  C ontou r Interval Is 2.5 m /s e c
Arrows Fly with the Wind
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Figure C.7: 850-m b wind vectors, w in ter-p lu s-sp rin g , El Nino years, 1967-89. cocnu>
ALL NON EL NINO YEARS, WINTER+SPRING 1967-89, 621 POINTS
8 5 0  — MB SPEED, r n / s 6 C  C ontou r Interval Is 2.5 m /s e c
Arrows Fly with the Wind 
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ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER+SPRING, 621 POINTS
8 5 0  MB WIND SPEED, m / S 6 C  C on tou r Interval Is 2.5 m /s e c
Arrows Fly with the Wind
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ALL EL NINO YEARS, 1 9 6 7 - 8 8 ,  SUMMER, 621 POINTS
850 — MB WIND SPEED, m / s o c  C o n tou r Interval Is 2 .5  m /s e c
Arrows Fly with the Wind 
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 7 - 8 8 ,  621 POINTS
8 5 0  —MB vymnl-/ SPEED, m / s 6 C  C on tou r Interval Is 2 .5  m /s e c
Arrows Fly with the Wind 
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ALL YEARS, 1 9 6 7 - 8 8 ,  SUMMER, 621 POINTS
8 5 0  — MB WIND SPEED, m / s 6 C  C o n tou r Interval Is 2 .5  m/sec
Arrows Fly with the Wind
Dashed Line Is 2 5 0 —m b Speed Axis
North Pole
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Figure C.12: 850-m b wind vectors, sum m er, all years, 1967-88.





ALL EL NINO YEARS, 1 9 6 6 - 8 8 ,  FALL, 621 POINTS
850 MB WIND SPEED, m / S G C  C ontou r Interval Is 2.5 m /s e c
CD
Arrows Fly with the  Wind
Da sh ed  Line Is 2 5 0 —mb S p e e d  Axis
North Pole
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ALL NON EL NINO YEARS, FALL, 1966-88, 621 POINTS
8 5 0  — MB SPEED, m / s 6 C  C on tou r Interval Is 2.5 m /s e c
Arrows Fly with the  Wind
Dashe d  Line Is 2 5 0 —mb S p e e d  Axis
North Pole
10 M/S, W
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4 0  N
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M
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Figure C.14: 850—mb wind vectors, fall, non—El Nino years, 1966—88.











ALL YEARS, 1 9 6 6 - 8 8 ,  FALL, 621 POINTS
8 5 0  —MB WIND SPEED, m / s 6 C  C o n tou r Interva l Is 2 .5  m/sec
Arrows Fly with the  Wind
D a s h e d  Line Is 2 5 0 —m b S p e e d  Axis
North Pole
10 M/S, W
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ALL EL NINO YEARS, 1 9 6 7 - 8 7 ,  WINTERYEAR, 621 POINTS
8 5 0  — MB i ,,. n SPEED,  m / s c c  C ontou r Interval Is 2 .5  m /s e c
Arrows Fly with the  Wind
Da sh e d  Line Is 2 5 0 - m b  S p e e d  Axis
North Pole
10 M/S, W
5 0  N
3 0  N
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16: 850-m b wind vectors, winter year, El Nino years, 1967-87.









ALL NON EL NINO YEARS, WINTERYEAR, 1967-87, 621 POINTS
8 5 0  — MB SPEED, m / s 6 C  C on tou r Interval Is 2.5 m/sec
cn
Arrows Fly with the  Wind 
Da sh ed  Line Is 2 5 0 - m b  S p e e d  Axis
North Pole
10 M/S, W
4 0  N
3 0  N
M
1 2 0  W 1 1 0  W 10  0  W 9 0  W 8 0  W 7 0  W 6 0  W









ALL YEARS, 1 9 6 7 - 8 7 ,  WINTERYEAR, 621 POINTS
8 5 0 - M B  WIND SPEED, m / S 6 C  C o n tou r Interval Is 2 .5  m /s e c
Arrows Fly with the Wind
Dashed Line Is 2 5 0 —m b Speed Axis
North Pole
c n
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Figure C.18: 850—mb wind vectors, winter year, all years, 1967-87.








ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER, EL NINO-OTHER, DIFFERENCE
850— MB WIND SPEED,  m / S 6 C  C on tou r  Interval is 2.5 m / s e c
Arrows Fly with the Wind North Pole .___________
El Nino Average Wind Minus All Other Years Average Wind 10 M /s, w
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ALL YEARS, 1 9 6 7 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
8 5 0  — MB SPEED, m /s 6 C  C on tou r Interval is 2.5  m/sec
Arrows Fly with the Wind North Pole ,__________
El Nino Average Wind Minus All Other Years Average Wind 10 M /s, w
Vectors Ampl i f ied by 4, Relative to Source Maps. Contours  True Scale
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ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
8 5 0 — MB WIND SPEED, \ T ) / S 6 C  C o n tou r Interval is 2 .5  m /s e c
Arrows Fly with the Wind North Pole e__________
El Nino Average Wind Minus All O ther Years Average Wind 10 m /s, w
Yectors Ampl i f ied by 4, Relative to Source Maps. Contours  True Scale
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ALL YEARS,. 1 9 6 7 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
8 5 0  — MB WIND SPEED, m / s 6 C  C ontou r Interval is 2.5 m/sec
Arrows Fly with the Wind North Pole .__________
El Nino Average Wind Minus All Other Years Average Wind 10 M /s, w
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Figure C.22: 850-m b wind vectors, sum m er, 1967-88, difference. co
o
ALL YEARS, 1 9 6 6 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
8 5 0 — MB SPEED, m / s c c  C on tou r Interval is 2 .5  m /s e c
Arrows Fly with the Wind North Pole 8__________
El Nino Averaqe Wind Minus All O ther Years Average Wind 10 m /s, w
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Figure C.23: 850—mb wind vectors, fall, 1966—88, difference.
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ALL YEARS, 1 9 6 7 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
8 5 0  MB WIND SPEED, m / S 6 C  C on tou r Interval is 2.5 m /s e c
Arrows Fly with the Wind North Pole .__________
El Nino Average Wind Minus All Other Years Average Wind 10 M/s, w
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Figure C.24: 850-m b wind vectors, winter year, 1967—87, difference. co
ro























ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r  Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
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ALL NON EL NINO YEARS, WINTER, 1 9 6 3 - 8 9 ,  621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r  Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative Contours Are Dashed
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r  Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max.
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r  Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
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ALL NON EL NINO YEARS, SPRING, 1 9 6 3 - 8 9 ,  621 POINTS
8 5 0 M B  TEMPERATURE C ontou r  Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
Negative Contours  Are Dashed





120 W 1 10 W 100 W 90  W 80 W 70 W 60 W




















ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
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Figure D.6: 850-m b tem pera tu re , spring, all years, 1963-89.























ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
8 5 0 M B  TEMPERATURE C ontou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
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ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 3 - 8 9 ,  621 POINTS
8 5 0 M B  TEMPERATURE C on tou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
8 5 0 M B  TEMPERATURE C ontou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
Negative Contours  Are Dashed
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
8 5 0 M B  TEMPERATURE C o n to u r Interval Is 2 Deg C
North  Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 3 - 8 8 ,  621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
Negative C ontou rs  Are Dashed
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Figure D .ll: 850-m b tem pera tu re , summer, non—El Nino years, 1963—88.























ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
8 5 0 M B  TEMPERATURE C o n tou r Interval Is 2 Deg C
North Pole
Heavy Dashed Line: 2 5 0 —m b Speed Max.
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ALL NON EL NINO YEARS, FALL, 1 9 6 3 - 8 8 ,  621 POINTS
8 5 0 M B  TEMPERATURE C on tou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max.
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Figure D.14: 850-m b tem pera tu re , fall, non-E l Nino years, 1963-88.























ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS




Heavy Dashed Line: 2 5 0 —m b Speed Max.
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ALL EL NINO YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
8 5 0 M B  TEMPERATURE C ontou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
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ALL NON EL NINO YEARS, WINTERYEAR, 1 9 6 3 - 8 7 ,  621 POINTS
8 5 0 M B  TEMPERATURE C o n to u r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
8 5 0 M B  TEMPERATURE C ontou r Interval Is 2 Deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
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Figure D.18: 850—mb tem peratu re , winter year, all years, 1963-87.






















ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
8 50M B  TEMPERATURE C o n to u r Interval Is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All O ther Years Average T em pera tu re  
Positive Values Ind icate  W arm er Temps, in El Nino Years.
Negative Values Ind icate Cooler Temps, in El Nino Years.
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  TEMPERATURE C o n tou r Interval Is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All O ther Years Average Tem pera tu re  
Positive Values Ind icate W arm er Temps, in El Nino Years.
Negative Values Ind icate  Cooler Temps, in El Nino Years.
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Figure D.20: 850-m b tem pera tu re , spring, 1963-89, difference.






















ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  TEMPERATURE C ontou r Interval Is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All O ther Years Average Tem pera tu re  
Positive Values Ind ica te  W arm er Temps, in El Nino Years.
Negative Values Ind icate  Cooler Temps, in El Nino Years.
HEAVY SOI ID. I INF: + 1 . 0 ,  DOTTED: —J  .0 .  Negative ContourstQc
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ALL YEARS, 1 9 6 3 -8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  TEMPERATURE C o n to u r Interval Is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All O ther Years Average Tem pera tu re  
Positive Values Ind icate  W arm er Temps, in El Nino Years.
Negative Values Ind icate Cooler Temps, in El Nino Years.
IEAVY SOLID. LINE: + 1 .0 ,  DOTTED: —1.0. Negative Contours
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ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
850MB TEMPERATURE C o n to u r Interval Is 0 . 4  deg C
El Nino Average T em pera tu re  Minus All O ther Years Average Tem pera tu re  
Positive Values Ind icate W arm er Temps, in El Nino Years.
Negative Values Ind icate Cooler Temps, in El Nino Years.
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  TEMPERATURE C on tou r Interval Is 0 .4  deg C
El Nino Average T em pera tu re  Minus All O ther Years Average Tem pera tu re  
Positive Values Ind icate  W arm er Temps, in El Nino Years.
Negative Values Ind ica te  Cooler Temps, in El Nino Years.
IEAVY SOLID-LINE: + 1 . 0 ,  DOTTED: —J  .0.  Negative Contours D
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Figure D.24: 850—mb tem peratu re , w inter year, 1963—87, difference.
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ALL EL NINO YEARS, 1967-89, WINTER, WITH STORM LOCS, *
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Figure E.3: 850-m b divergence, winter, all years, 1967—89.
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Figure E.5: 850-m b divergence, spring, non-E l Nino years, 1967-89.
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Figure E.8: 850-m b divergence, w in ter-p lu s-sp ring , non-E l Nino years, 1967-89. o
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Figure E.10: 850-m b divergence, sum m er, El Nino years, 1967-88. -f-o
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Figure E.13: 850-m b divergence, fall, El Nino years, 1966-88.
8 5 0 M B
ALL NON EL NINO YEARS, FALL, 1 9 6 6 - 8 8 ,  WITH STORM LOCS, *
DIVERGENCE * 1 0 * *  6 C on tou rln te rva l 1.0*1 0**—6/sec
e e o gjl g .g  $G Ĝ GGC'
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Figure E.14: 850-m b divergence, fall, non-E l Nino years, 1966-88.
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Figure E.24: 850—mb divergence, w inter year, 1967-87, difference.
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ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER+SPRING, WITH STORM LOCS, *
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ALL EL NINO YEARS, 1 9 6 7 - 8 8 ,  SUMMER, WITH STORM LOCS, *
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ALL NON EL YEARS, SUMMER, 1 9 6 7 - 8 8 ,  WITH STORM LOCS, *
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ALL YEARS, 1 9 6 7 - 8 8 ,  SUMMER, WITH STORM LOCS, *
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ALL EL NINO YEARS, 1 9 6 6 - 8 8 ,  FALL, WITH STORM LOCS, *
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ALL YEARS, 1 9 6 6 - 8 8 ,  FALL, WITH STORM LOCS, *
8 5 0 M B  RELATIVEVORTICITY* 1 0 * *  — 5 C ontou rln te rva l .2 5 *1 0 * * - 5 / s e c
North Pole 
Areas o f Positive V o rt ic ity  Labeled P 
Dashed Line: 2 5 0 - m b  Spd Max 
Negative C ontours  Are Dashed






> ^ . Z 5 - . 7 5
No .Data.
82-TOTALSTORM 
010.5 - =MEAN LOW 
ENTRAL'"PRESSURE-.
8 =STD. D E V /.
^— - \        , L
120 W 1 10 W 100 W 90 W 80 W 70 W 60 W
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ALL NON EL NINO YEARS, WINTERYEAR, 1 9 6 7 - 8 7 ,  WITH STORM LOCS,
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ALL YEARS, 1 9 6 7 - 8 7 ,  WINTERYEAR, WITH STORM LOCS, *
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ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  RELATIVE VORTICITY C o n tou r Interval Is 2 .0 * 1 0**—6 /s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor. 
Positive Values Mean More Positive Rel. Vor. in E! Nino Years; Labeled P 
Negative Values Mean Less Positive Relative V o rt ic i ty  in El Nino Years 
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Figure F.19: 850-m b relative vorticity, winter, 1967-89, difference.





















ALL YEARS, 1 9 6 7 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
8 50M B  RELATIVE VORTICITY C on tou r Interval Is 2.0*10**—6 /s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor. 
Positive Values Mean More Positive Rel. Vor. in El Nino Years; Labeled P 
Negative Values Mean Less Positive Relative V o rt ic ity  in El Nino Years 
Dashed Linej_ 2 5 0  Mb Speed Max in JEI Nino,. Years * _
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Figure F.20: 850-m b relative vorticity, spring, 1967-89, difference.






















ALL YEARS, 1 9 6 7 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  RELATIVE VORTICITY C on tou r Interval Is 2 .0 * 1 0 * * - 6 / s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor. 
Positive Values Mean More Positive Rel. Vor. in El Nino Years; Labeled P 
Negative Values Mean Less Positive Relative V o rt ic ity  in El Nino Years 
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ALL YEARS, 1 9 6 7 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
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ALL YEARS, 1 9 6 6 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  RELATIVE VORTICITY C o n tou r Interval Is 2 .0 * 1 0 * * —6 /s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor. 
Positiye Values Mean More Positive Rel. Vor. in El Nino Years; Labeled P 
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ALL YEARS, 1 9 6 7 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
8 5 0 M B  RELATIVE VORTICITY C ontou r Interval Is 2 . 0 * 1 0 * * - 6 / s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor. 
Positive Values Mean More Positive Rel. Vor. in El Nino Years; Labeled P 
Negative Values Mean Less Positive Relative V o rt ic ity  in El Nino Years 
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Figure F.24: 850-m b relative vorticity, w inter year, 1967-87, difference.
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
7 0 0  MB HEIGHT (M) C o n to u r Interval Is 50  M
North  Pole 
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ALL NON EL NINO YEARS, WINTER, 1 9 6 3 - 8 9 ,  621 POINTS
7 0 0  MB HEIGHT (M) C on tou r Interval Is 50  M
North Pole 
Dashed Line: 2 5 0 —m b Speed Max.
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
7 0 0  MB HEIGHT (M) c o n to u r  Interval Is 50  M
North  Pole 
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
7 0 0  MB HEIGHT (M) C o n tou r Interval Is 50  M
North  Pole 
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ALL NON EL NINO YEARS, SPRING, 1 9 6 3 - 8 9 ,  621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50 M
North Pole  
D a s h e d  Line: 2 5 0  —m b S p e e d  Max.
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
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Figure G.6: 700-m b height, spring, all years, 1963-89.
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50 M
North Pole 
Dashed Line: 2 5 0  —m b Speed Max.
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ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 3 - 8 9 ,  621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50 M
North Pole 
Dashed Line: 250  —m b Speed Max.
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50  M
North Pole 
Dashed Line: 250  —m b Speed Max.
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
7 0 0  MB HEIGHT (M) C o n tou r Interval Is 50 M
North Pole 
Dashed Line: 250  —m b Speed Max.
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 3 - 8 8 ,  621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50  M
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Dashed Line: 250 —mb Speed Max
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ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
7 0 0  MB HEIGHT (M) C on tou r Interval Is 50  M
North  Pole 
Dashed Line: 250  —m b Speed Max
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
7 0 0  MB HEIGHT (M) C o n tou r Interval Is 50  M
North Pole 
Dashed Line: 250  —m b Speed Max.
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ALL NON EL NINO YEARS, FALL, 1 9 6 3 - 8 8 ,  621 POINTS
7 0 0  MB HEIGHT (M) C o n tou r Interval Is 50 M
North  Pole 
Dashed Line: 250  —m b Speed Max.
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ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50 M
North Pole 
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ALL EL NINO YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50  M
North Pole 
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ALL NON EL NINO YEARS, WINTERYEAR, 1 9 6 3 - 8 7 ,  621 POINTS 
7 0 0  MB HEIGHT (M) C ontour Interval Is 50  M
North Pole 
Dashed Line: 2 5 0 —mb Speed Max.
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
7 0 0  MB HEIGHT (M) C ontou r Interval Is 50 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
7 0 0  MB H e igh t  (M) C ontou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height
Negative Values Ind icate  Lower Height in El Nino Years 
Positive Values Ind ica te  H igher Height in El Nino Years 
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
7 0 0  MB H e igh t  (M) C ontou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height
Negative Values Ind icate  Lower Height in El Nino Years 
Positive Values Ind icate 
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Figure G.20: 700-m b height, spring, 1963-89, difference.




















ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
7 0 0  MB H e igh t  (M) C o n tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height
Negative Values Ind icate  Lower Height in El Nino Years 
Positive Values Ind ica te  Higher Height in El Nino Years 
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Figure G.21: 700-m b  height, w in ter-p lu s-sp ring , 1963-89, difference. >£■05
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ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
7 0 0  MB H e igh t  (M) C o n tou r Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height
Negative Values Ind ica te  Lower Height in El Nino Years 
Positive Values Ind icate H igher Height in El Nino Years
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Figure G.22: 700-m b height, sum m er, 1963-88, difference.





















ALL YEARS, 1 9 6 3 - 8 8 ,  EALL, EL NINO-OTHER, DIFFERENCE 
700 MB H e i g h t  (M) C on tou r  Interval Is 10 M
El Nino Average Height Minus All O ther Years Average Height
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height in El Nino Years 
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
7 0 0  MB H e igh t  (M) C ontou r Interval Is 10 M
El Nino Average Height Minus All Other Years Average Height
Negative Values Ind icate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height in El Nino Years
ino, 2fc^3--hob Speed M a x ^  Negative Contours 60 N




120 W 1 10 W 100 W 90 W 80 W 70 W 60 W
Figure G.24: 7 0 0 -m b  height, w inter year, 1 9 6 3 -8 7 , difference.
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ALL EL NINO YEARS, 1 9 4 7 - 8 9 ,  WINTER SEASON, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C o n tou r Interval Is 50 M
North Pole
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Figure H.l: 500—mb height, winter, El Nino years, 1947-89 .
















ALL NON EL NINO YEARS, WINTER, 1 9 4 7 - 8 9 ,  621 POINTS






30  N 
58 ^
20 N
120 W 1 10 W 100 W 90  W 80  W 70 W 60 W
















ALL YEARS, 1 9 4 7 - 8 9 ,  WINTER SEASON, 621 POINTS
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ALL EL NINO YEARS, 1 9 4 6 - 8 9 ,  SPRING SEASON, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C o n tou r Interval Is 50  M
&0 N
North Po e
Heovv Dashed Line: 2 5 0 —mb Spd.
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ALL NON EL NINO YEARS, SPRING, 1 9 4 6 - 8 9 ,  621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C on tou r Interval Is 50 M
North Pole
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Figure H.5: 500—m b height, spring, n on —El Nino years, 1946—89.

















ALL YEARS, 1 9 4 6 - 8 9 ,  SPRING SEASON, 621 POINTS
HEIGHT 500 MB SURFACE,  M C ontou r  Interval Is 50 M
North Pole
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ALL EL NINO YEARS, 1 9 4 7 - 8 9 ,  WINTER+SPRING, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C o n to u r Interval Is 50 M
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Figure H.7: 500—mb height, w inter—p lu s-sp rin g , El Nino years, 1947—89.
















ALL NON EL NINO YEARS, WINTER +  SPRING 1 9 4 7 -8 9 ,6 2 1  POINTS
HEIGHT 5 0 0  MB SURFACE, M C ontou r Interval Is 50  M
North Pole
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ALL YEARS, 1 9 4 7 - 8 9 ,  WINTER +  SPRING, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C on tou r Interval Is 50 M
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Figure H.9: 5 0 0 -m b  height, w in ter -p lu s-sp r in g , all years, 1947-89 .

















ALL EL NINO YEARS, 1 9 4 6 - 8 8 ,  SUMMER, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C on tou r Interval Is 50 M
North Pole
Heavy Dashed Line: 2 5 0 —mb Spd
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10: 500—mb height, sum m er, El Nino years, 1946—88.




















ALL NON EL NINO YEARS, SUMMER, 1 9 4 6 - 8 8 ,  621 POINTS
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11: 5 0 0 -m b  height, sum m er, non—El Nino years, 1946—88.















ALL YEARS, 1 9 4 6 - 8 8 ,  SUMMER, 621 POINTS
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Figure H.12: 500—mb height, sum m er, all years, 1 9 4 6 -8 8 .
















ALL EL NINO YEARS, 1 9 4 6 - 8 8 ,  FALL, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C ontou r  Interval Is 50 M
North Pole
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ALL NON EL NINO YEARS, FALL, 1 9 4 6 - 8 8 ,  621 POINTS
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ALL YEARS, 1 9 4 6 - 8 8 ,  FALL, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C ontou r Interval Is 50 M
North Po e
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ALL EL NINO YEARS, 1 9 4 6 - 8 7 ,  WINTERYEAR, 621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C ontou r Interval Is 50 M
North Pole
Heavy Dashed Line: 2 5 0 —mb Spd. Max.: 1 9 0 6 - 8 9
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Figure H. 16: 500—mb height, w inter year, El Nino years, 1 9 46-87 .
















ALL NON EL NINO YEARS, WINTERYEAR, 1 9 4 6 - 8 7 ,  621 POINTS
HEIGHT 5 0 0  MB SURFACE, M C o n tou r Interval Is 50  M
North Pole
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Figure H.17: 5 0 0 -m b  height, w inter year, n o n -E l Nino years, 1946-87 .
















ALL YEARS, 1 9 4 6 - 8 7 ,  WINTERYEAR, 621 POINTS
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ALL YEARS, 1 9 4 7 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C o n tou r Interval is 10 M
El Nino Average 50 0  Mb Height Minus All Other Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Ind icate Higher Height
Heavy Dashed Line: El Nino, 250ft-flifc>|s$pd Mqx: 1 9 6 ^ 8 9  Negative Contours
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0=1-0—K1
120 W 1 10 W 100 W 90 W 80 W 70 W
























ALL YEARS, 1 9 4 6 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C o n tou r Interval is 10 M
El Nino Average 50 0  Mb Height Minus All Other Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Ind icate Higher Height
Heavy DashedJJne: El NincL ££®-jmb Spd Max: 196Q^89 Negative Contours Dashed
60 N
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ALL YEARS, 1 9 4 7 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C on tou r Interval is 10 M
El Nino Average 5 0 0  Mb Height Minus All Other Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height
Heavy Dashed Line: El Nino, 250|t-npb|NSpd Max: 196(^-89  Negative Contours Dashed
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ALL YEARS, 1 9 4 6 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C ontou r Interval is 10 M
El Nino Average 50 0  Mb Height Minus All O ther Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height
Heavy Dashed Line: El Nino, 2 5 0 —mb Spd Max: 196BrrS9^ \>Negative Contours p a s s e d
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ALL YEARS, 1 9 4 6 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C on tou r Interval is 10 M
El Nino Average 50 0  Mb Height Minus All Other Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height
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ALL YEARS, 1 9 4 6 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
5 0 0  MB HEIGHT (M) C on tou r Interval is 10 M
El Nino Average 50 0  Mb Height Minus All Other Years Average Height 
Negative Values Indicate Lower Height in El Nino Years 
Posit ive Values Indicate Higher Height
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
5 0 0 M B  TEMPERATURE C o n tou r in terval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative Contours  A re.Dashed
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ALL NON EL NINO YEARS, WINTER, 1 9 6 3 - 8 9 ,  621 POINTS
5 0 0 M B  TEMPERATURE C o n tou r Interval Is 2 deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
I^ggative (^ontsyrs  A re .Dashed
50 N
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
5 0 0 M B  TEMPERATURE C on tou r  Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0  —mb Speed Max.
Negative Oontioijirs A re .Dashed
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
5 00M B  TEMPERATURE C o n tou r Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
Negative ContouKsi Are.Dashed
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ALL NON EL NINO YEARS, SPRING, 1 9 6 3 - 8 9 ,  621 POINTS
5 00M B  TEMPERATURE C ontour  Interval Is 2 deg n
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
N.eqative Contjpuicsi A re ,Dashed
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
500M B  TEMPERATURE C ontou r Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
LJ^gative CoRt^|j^S| Are^Dcphed
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
50 0 M B  TEMPERATURE C ontou r Interval Is 2 deg C
North Pole
Heavy Dashed Line: 250  —m b Speed Max.
Negative Contcunsi Are .Dashed
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ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 3 - 8 9 ,  621 POINTS
500M B  TEMPERATURE Contou r  Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
Negative Cont&uirs Are .Dashed
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
50 0 M B  TEMPERATURE C on tou r Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 25 0  —mb Speed Max.
Negative Cowt/DUKa Are .Dashed
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
5 0 0 M B  TEMPERATURE C on tour  Interval Is 2  d e g  0
North Pole  
Heavy D a s h e d  Line: 2 5 0 - m b  S p e e d  Max.
N egat ive  CoKit/puicsi A r e ,D a s h e d
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 3 - 8 8 ,  621 POINTS
5 0 0 M B  TEMPERATURE C on tou r Interval Is 2 deg C
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative CosatjouKsi Are .Dashed
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ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
5 0 0 M B  TEMPERATURE C o n tou r Interval Is 2 deg C
50 N
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max 
Negative Cont®UK9 Are .Dashed
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ALL EL NINO YEARS, 1 9 6 3 -8 8 ,  FALL, 621 POINTS




Heavy Dashed Line: 2 5 0 —mb Speed 
Negative
.-v24/
c 12\" ■ ^
. V -  1.Q 2  "
40 N. v.-1Q
x6 . . . . . v-
,xo . , /  . , -1 0  ^




120 W 110 W 100 W 90 W 80 W 70 W 60 W






















ALL NON EL NINO YEARS, FALL, 1 9 6 3 - 8 8 ,  621 POINTS
500M B  TEMPERATURE Contour  Interval Is 2 deg C
North Pole
Heavy Dashed Line: 2 5 0 - m b  Speed Max.
Negative CosatjpuKSi Are Dashed
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ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
5 0 0 M B  TEMPERATURE C ontou r Interval Is 2 deg C
6 0  N 
20
North Pole
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative Contours  Are .Dashed
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ALL EL NINO YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
500MB TEMPERATURE C ontou r  Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative ContcgKSi Are .Dashed
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ALL NON EL NINO YEARS, WINTERYEAR, 1 9 6 3 - 8 7 ,  621 POINTS
5 0 0 M B  TEMPERATURE C ontou r Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —m b Speed Max.
Negative ContcuKSi A re.Dashed
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, 621 POINTS
500MB TEMPERATURE C on tou r  Interval Is 2 deg C
North Pole 
Heavy Dashed Line: 2 5 0 —mb Speed Max.
Negative Cont/puRsi A re ,Dashed
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE C ontou r  Interval is 0 .4  deg C
El Nino Average T em pera tu re  Minus All Other Years Average T em pera tu re  
Negative Values: Lower Temps, in El Nino Years; Posit ive values: Higher 
HEAVY DOTTED LINE: - 1 . 0  deg. C
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE Contour  Interval is 0.4  deg C
El Nino Average Tem pera tu re  Minus All Other Years Average Tem pera tu re  
Negative _Values: _Lower Temps. in El Nino Years; Posit ive values: Higher
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER +  SPRING, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE C o n tou r  Interval is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All Other Years Average Tem pera tu re  
Negative _Values:_Lower Temps, in El Nino Years; Posit ive Values: Higher
Negative Contours
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ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE C o n tou r  Interval is 0 .4  deg C
El Nino Average Tem pera tu re  Minus All Other Years Average T em pera tu re  
Negative Values: Lower Temps, in El Nino Years; Posit ive Values: Higher 
HEAVY DOTTED LINE: - 1 .0  d e g .  C 
HEAVY SOLIDJJNE: +1.0 d e q  C Contours Dashed
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Figure 1.22: 5 0 0 -m b  tem perature, sum m er, 1963—88, difference.



















ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE C ontou r  Interval is 0 .4  deg C
HEAVY DOTTED LINE: - 1 . 0  deg. C 
HEAVY SOUDJJNE: +1.0 deq C 
|^£avy--BnSTTeclLirie:6EI tdigo, 2 5 0 —mb Spc£ M 
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
500MB TEMPERATURE Con tou r  Interval is 0.4  deg C
El Nino Average T em pera tu re  Minus All Other Years Average Tem pera tu re  
Negative Values: Lower Temps, in El Nino Years; Posit ive values: Higher 
HEAVY DOTTED LINE: - 1 .0  deg. C 
HEAVY Contours
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Figure 1.24: 5 0 0 -m b  tem p erature, winter year, 1963-87 , difference.
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ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER SEASON, 621 POINTS
2 5 0  MB WIND SPEED, rc\/S G C  C ontou r Interval Is 5 m /s e c
Arrows Fly with the Wind North Pole
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ALL NON EL NINO YEARS, WINTER, 1 9 6 6 - 8 9 ,  621 POINTS
2 5 0  MB WIND SPEED, m / s e c  contour m terva l Is 5 m /s e c
Arrows Fly with the Wind North Pole
Heavy Line Is M ax imum Speed Axis (A pp rox im ate ) 10 M/S, W
N
£
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER SEASON, 621 POINTS
250 MB WIND S P EED,  m / s s c  C ontou r  Interval Is 5 m / s e c
Arrows Fly with the Wind North Pole
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ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  SPRING SEASON, 621 POINTS
250  MB WIND SPEED, rc\/S 6 C  C ontour  Interval Is 5 m / s e c
Arrows Fly with the Wind _ North Pole
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Figure J.4: 2 5 0 -m b  wind vectors, spring, El Nino years, 1966-89 .










ALL NON EL NINO YEARS, SPRING, 1 9 6 6 - 8 9 ,  621 POINTS
250 MB SPEED, I T l / s O C  C on tou r  Interval Is 5 m / s e c
Arrows Fly with the Wind North Pole




120 W 110 W 100 W 90 W 80 W 70 W 60 W












ALL YEARS, 1 9 6 6 - 8 9 ,  SPRING SEASON, 621 POINTS
250 MB SPEED, m /sG C  C on tou r  Interval Is 5 m/sec
Arrows Fly with the Wind Nor th  Pole
Heavy Line Is Max imum Speed Axis (A pprox im ate ) 10 M/S, W
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ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, 621 POINTS
2 5 0  MB ,,,, i_/ SPEED, I T l / s O C  C ontou r Interval Is 5 m /s e c
Arrows Fly with the Wind North Pole
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ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 6 - 8 9 ,  621 POINTS
250 MB WIND SPEED, m / S G C  C on tou r Interval Is 5 m /s e c
Arrows Fly with the  Wind North Pole
Heavy Line Is Maximum S p e e d  Axis (A p prox im ate ) 10 M/S, W
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, 621 POINTS
2 5 0  MB WIND SPEED, m/S 6 C  C ontour  Interval Is 5 m / s e c
Arrows Fly with th e  Wind North Pole
Heavy Line Is M axim um  S p e e d  Axis (A p prox im ate ) 10 M/S, W
6 0  N
5 0  N
U
7 ^ 4 0  N
3 0  N
No .Data.
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ALL EL NINO YEARS, 1 9 6 5 - 8 8 ,  SUMMER, 621 POINTS
2 5 0  MB *i_/ SPEED, m / s 6 C  C o n to u r Interval Is 5 m /s e c
Arrows Fly with th e  Wind North Pole
Heavy Line Is M aximum S p e e d  Axis (A pproxim ate) 10 M/S, W
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3 0  N
M
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 5 - 8 8 ,  621 POINTS
2 5 0  MB y , , , , 0  SPEED, m / s 6 C  C on tou r Interval Is 5 m /s e c
Arrows Fly with th e  Wind North Pole
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ALL YEARS, 1 9 6 5 - 8 8 ,  SUMMER, 621 POINTS
2 5 0  MB WIND SPEED, m / s e c  C o n tou r Interval Is 5 m /s e c
Arrows Fly with th e  Wind North Pole
Heavy Line Is M axim um  S p e e d  Axis (A p pro x im a te ) 10 M /S, W
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ALL EL YEARS, 1 9 6 5 -8 8 ,  FALL, 621 POINTS
2.50 MB SPEED, m / s 6 C  C on tou r Interval Is 5 m /s e c
Arrows Fly with th e  Wind North Pole
Heavy Line Is M aximum S p e e d  Axis (A pprox im ate ) 10 M/S, W
f .
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ALL NON EL NINO YEARS, FALL, 1 9 6 5 - 8 8 ,  621 POINTS
2 5 0  MB WIND SPEED, m / S 6 C  C on tou r Interval Is 5 m /s e c
Arrows Fly with the  Wind North Pole
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ALL YEARS, 1 9 6 5 - 8 8 ,  FALL, 621 POINTS
2 5 0  MB WIND SPEED, m /s 6 C  C on tou r Interval Is 5 m /s e c
Arrows Fly with the  Wind North Pole
Heavy Line Is M axim um  S p e e d  Axis (A p p rox im a te ) 10 M/S, W
6 0  N
5 0  N
5 0  N
2 0  N
1 2 0  W 1 10  W 1 0 0  W 9 0  W 8 0  W 7 0  W 6 0  W











ALL EL NINO YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, 621 POINTS
2 5 0  MB SPEED, m / s s c  C on tou r Interval Is 5 m /s e c
Arrows Fly with the  Wind North Pole
Heavy Line Is Maximum S p e e d  Axis (A pprox im ate ) 10 M/S, W
' p 0  N
4 0  N
IXLJ-Q
&
1 2 0  W 1 10  W 1 0 0  W 9 0  W 8 0  W 7 0  W 6 0  W











ALL NON EL NINO YEARS, WINTERYEAR, 1 9 6 5 - 8 7 ,  621 POINTS
2 5 0  MB »»,i î_x SPEED, m / s s c  C o n tou r Interval Is 5 m /s e c
Arrows Fly with th e  Wind North P o le
Heavy Line Is M aximum S p e e d  Axis (A p prox im ate ) 10 M/S, W
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ALL YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, 621 POINTS
2 5 0  MB 7,",05 SPEED, m / s e c  C o n to u r I nterval Is 5 m /s e c
Arrows Fly with the  Wind North Pole
Heavy Line Is M aximum S p e e d  Axis (A p prox im ate )
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
250 — MB WIND SPEED, m / S G C  C on tou r Interval is 5 .0  m /s e c
Arrows Fly with th e  Wind North Pole  .______
El Nino A verage  Wind Minus All Other Y ears  A verage  Wind 10 m /s, w
S e c to r s  Amplified by 3,  Relative to S o u r c e  Maps. C on to u rs  True S c a le
D a sh e d  Lin,e Is El Nino, 2 5 0 —m b S p e e d  Axis
/  /:
6 0  N
^50 N
4 0  N
$ y :
3 0  N
\ \ \ \ 
\  \ 1 1
1 2 0  W 1 1 0  W 1 0 0  W 9 0  W 8 0  W 7 0  W 6 0  W








ALL YEARS, 1 9 6 6 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
2 5 0 — MB WIND SPEED, m / s 6 C  C o n to u r Interval is 5 .0  m /s e c
Arrows Fly with th e  Wind North Pole  ,______
El Nino Average  Wind Minus All Other Years  A vera ge  Wind 10 M /s, w
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
2 5 0  — MB WIND SPEED, ITl/sGC C o n tou r Interval is 5 .0  m /s e c
Arrows Fly with th e  Wind North Pole  „______
El Nino A verage  Wind Minus All Other Years  A v era g e  Wind 10 M/s, w
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ALL YEARS, 1 9 6 5 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
2 5 0  — MB WIND SPEED, m / S G C  C on tou r Interval is 5.0  m /s e c
Arrows Fly with the  Wind North Pole  .______
El Nino A vera g e  Wind Minus All Other Years A verag e  Wind 10 M/s, w
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ALL YEARS, 1 9 6 5 -8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
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ALL YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
2 5 0  MB WIND SPEED, H i / S 6 C  C on tou r Interval is 5.0  m /s e c
Arrows Fly with the  Wind North Pole  .______
El Nino Averaqe  Wind Minus All Other Years  A v era g e  Wind 10 M/s, w
V ectors  Amplif ied by 3, Relative to S o u r c e  Maps.  C on tours  True S c a l e  
^  D a s h e d  Line Ijg El Niijp, 2 5 0 —mb S p e e d  Ax îs
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Figure J.24: 250-m b wind vectors, winter year, 1965—87, difference. cn
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ALL N O N -E L  NINO WINTER SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
BASED ON 250  MB WIND SPEED
North Pole
6 0  N
V 5 0  N
4 0  N
5 0  N
2 0  N
7 0  W1 2 0  W 1 10 W 1 0 0  W 9 0  W 8 0  W 6 0  W
Figure K.2: 250-m b jet axes, 19 non-E l Nino winters from  1966-89.
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ALL EL NINO SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
BASED ON 2 5 0  MB WIND SPEED
KEY 1 9 6 6 :  FULL
1 9 7 2  AND 73:  DASHED 
1 9 7 7 :  DOT-DASH 
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7 0  W1 2 0  W 1 1 0  W 1 0 0  W 9 0  W 8 0  W
Figure K.3: 250-m b je t axes, six El Nino springs from  1966-89.
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ALL N O N -E L  NINO SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure K.4: 250-m b je t axes, 18 non-E l Nino springs from  1966-89.
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ALL EL NINO WINTER+SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure K.5: 250-m b je t axes, five El Nino w in te r-p lu s-sp rin g s from 1966-89.
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ALL N O N -E L NINO WINTER+SPRING SEASONS, 1 9 6 6 - 8 9 ,  JET AXES
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Figure K.6: 250—mb je t axes, 19 non-E l Nino w inter—plus-springs from  1966—89.
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ALL EL NINO SUMMER SEASONS, 1 9 6 5 - 8 8 ,  JET AXES





D A SH -D O T -D Q T -
North Pole
1 9 7 6
.1972
No, Da to
6 0  N
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. 2 0  N
1 2 0  W 1 1 0  W 1 0 0  W 9 0  W 8 0  W 7 0  W W
Figure K.7: 250-m b jet axes, five El Nino sum m ers from 1965-88.
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ALL N O N -E L  NINO SUMMER SEASONS, 1 9 6 5 - 8 8 ,  JET AXES
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7 0  W1 2 0  W 1 10  W 1 0 0  W 9 0  W 8 0  W 6 0  W
Figure K.8: 250-m b je t axes, 19 non-E l Nino sum m ers from  1965-88.
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ALL EL NINO FALL SEASONS, 1 9 6 5 - 8 8 ,  JET AXES
BASED ON 25 0  MB WIND SPEED
6 0  N
KEY 1 9 6 5 :  FULL
1 9 7 2 :  DASHED 
1 9 7 6 :  DOT-DASH  
1 9 8 2 :  DOTTED
North Pole
J 9.87: DASH-D.QI^DQT -  D 0  y  • ;
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1987 - .1.9.8Z . X  < . ./ X ,
4 0  N
No Data
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A. h.___________ '
8 0  W 7 0  W 6 0  W
Figure K.9: 250—mb jet axes, five El Nino falls from  1965—88.
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ALL N O N -E L NINO FALL SEASONS, 1 9 6 5 - 8 8 ,  JET AXES
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Figure K.10: 250-m b je t axes, 19 non-E l Nino falls from 1965-88.
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Figure K.ll
ALL N O N -E L NINO WINTERYEARS, 1 9 6 5 - 8 7 ,  JET AXES
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7 0  W1 1 0  W1 2 0  W 9 0  W1 0 0  W 8 0  W 6 0  W
Figure K.12: 250-m b je t axes, 18 non-E l Nino winter years from 1965-87.
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ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER, WITH STORM LOCS,*
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 Contour  Interval 1 . 0 * 1 0**—6 / s e c
North Pole
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ALL NON EL NINO YEARS, WINTER, 1 9 6 6 - 8 9 ,  WITH STORM LOCS,*
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C on tour  Interval 1 . 0 * 1 0**—6 / s e c
North Pole
D a s h e d  Line: 2 5 0 - m b  S p e e d  Max. AreQS Qf D iv e rg e n c e  L abe |ed  D
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER, WITH STORM LOCATIONS, *
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C ontour  Interval 1 .0*  10**—6 / s e c
North Pole
D a sh e d  Line: 2 5 0 - m b  S p e e d  Max. * f n . , , , , p.K Areas of  D iv e rg e n c e  Labeled D
leg a t iv e  C on tours  Arp Q ash ed
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Figure L.3: 250-m b divergence, winter, all years, 1966—89. oi054̂
ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  SPRING, WITH STORM LOCATIONS,*
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C ontou r Interval 1.0*10**—6/sec
North Pole
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J S e q a t ive  C o n to u r s  Are Q a sh ed
B - B B \
B
B D B D 
D B BI D B B
No .Data.






C . 6 .2  = S T D /Q E V
1 2 0  W 1 10  W 1 0 0  W 90 W 80 W 70  W 60 W




















ALL NON EL NINO YEARS, SPRING, 1 9 6 6 - 8 9 ,  WITH STORM LOCS,*
250M B  DIVERGENCE * 1 0 * *  — 6 C on tou r Interval 1.0*1 0**—6 /s e c
North Pole
D a sh ed  Line: 2 5 0 - m b  S p e e d  Mdx. rv i u « j  nK Areas o f  D ivergence  Labeled  D
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Figure L.5: 250-m b divergence, spring, non-E l Nino years, 1966-89.





















ALL YEARS, 1 9 6 6 - 8 9 ,  SPRING, WITH STORM LOCATIONS, *
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C on tour  Interval 1 . 0 * 1 0**—6 / s e c
North Pole
D a s h e d  Line: 2 5 0 - m b  S p e e d  Max. Areag Qf D ivergence  L ab e |ed  D
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ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, WITH STORM LOCS,*
2 50M B  DIVERGENCE * 1 0 * *  6  C on tou r Interval 1 .0 * 1 0 * * —6 /s e c
North Pole
D a sh ed  Line: 2 5 0 - m b  S p e e d  Max. AreQS of  D iverg en ce  Labeled D
. N e g a t iv e  C on to urs  Are D a s h e d






1 2 0  W 1 1 0  W 1 0 0  W 9 0  W 8 0  W 7 0  W 6 0  W
Figure L.7: 250-m b divergence, w in ter-p lu s-sp ring , El Nino years, 1966-89.
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ALL NON ELNINO YRS, WINTER+SPRING 1 9 6 6 - 8 9 ,  W/STORM LOCS,*
2 50M B DIVERGENCE * 1 0 * *  — 6 C o n tou r Interval 1 .0 * 1 0 * * —6 /sec
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D a sh e d  Line: 2 5 0 —m b S p e e d  Max. A , n - , , , , ^
r Areas  o f  D iv erg en ce  Labeled D
  —  N e g a t i v e  C on tours  Are D a sh ed
- ^ n t D D  B B  D V B B B-B B B B   “
B B  B B^BTB B D J l'B 'B  B 
B B B  S  D\B B
f t
D
3 0  N
2 0  NB B\B B B B),.. 
B-BBt-
TOTALSI0-RM 
0 1 0 . 9  
ENTRAL
1 2 0  W 1 1 0  W 1 0 0  W 9 0  W 8 0  W 70 W 60 W





















ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, WITH STORM LOCATIONS, *
25 0 M B  DIVERGENCE * 1 0 * *  — 6 C on tou r Interval 1.0*1 0**—6 /s e c
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ALL EL NINO YEARS, 1 9 6 5 - 8 8 ,  SUMMER, WITH STORM LOCATIONS,*
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C on tou r Interval 1 .0* 10 * * —6 /se c
North Pole
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 5 - 8 8 ,  WITH STORM LOCATIONS
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C o n tou r Interval 1.0*1 0**—6 /s e c
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ALL YEARS, 1 9 6 5 - 8 8 ,  SUMMER, WITH STORM LOCATIONS, *
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C ontou r Interval 1 .0 * 1 0 * * —6 /s e c
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ALL EL NINO YEARS, 1 9 6 5 - 8 8 ,  FALL, WITH STORM LOCATIONS,*
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 c o n t o u r  Interval 1 . 0 * 1 0**—6 / s e c
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ALL NON EL NINO YEARS, FALL, 1 9 6 5 - 8 8 ,  WITH STORM LOCATIONS,*
2 5 0 M B  D I V E R G E N C E  *  l O * *  — 6  C ontour  Interval 1 .0*1 0 * * —6 / s e c
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ALL YEARS, 1 9 6 5 - 8 8 ,  FALL, WITH STORM LOCATIONS, *
250M B  DIVERGENCE * 1 0 * *  — 6 C ontou r Interval 1.0*1 0**—6 /sec
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ALL EL NINO YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, WITH STORM LOCS,*
2 50M B DIVERGENCE * 1 0 * *  — 6 C ontou r Interval 1. 0 * 1 0 * * —6 /sec
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ALL NON EL NINO YRS, WINTERYEAR, 1 9 6 5 - 8 7 ,  W/STORM LOCS,*
2 50M B  DIVERGENCE * 1 0 * *  — 6 C o n tou r Interval 1.0*1 0**—6 /sec
D a s h e d  Line: 2 5 0 —m b  S p e e d  Max.
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ALL YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, WITH STORM LOCATIONS, *
2 5 0 M B  DIVERGENCE * 1 0 * *  — 6 C ontou r Interval 1.0* 10**—6 /s e c
North Pole
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Figure L.18: 250—mb divergence, w inter year, all years, 1965—87. Ul
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
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Figure L.19: 250-m b divergence, winter, 1966-89, difference.
El Nino A verage  D ive rg e n c e  Minus All Other Years  Average  D iv e r g e n c e  
P osi t ive  V alues  Mean More Divergent in El Nino Years; Labeled u 
N e g a t iv e  V alues  Mean L e ss  Divergent in El Nino Years  























ALL YEARS, 1 9 6 6 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
2 5 0 M B  DIVERGENCE contour i nterval Is 1 .0 *1 0 * * - 6 / s e c
El Nino A verage  D iv erg e n c e  Minus All Other Y ears  A vera g e  Diverg 
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
2 50M B  DIVERGENCE C on tou r Interval Is 1.0*1 0**—6 /s e c
El Nino A verage  D iv erg en ce  Minus All Other Years  A verage  D iv e rg e n c e  
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ALL YEARS, 1 9 6 5 -8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
2 50M B  DIVERGENCE C ontour  Interval Is 1.0*1 0 * * —6 / s e c
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ALL YEARS, 1 9 6 5 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
2 50M B  DIVERGENCE Contour  Interval Is 1.0*1 0 * * —6 / s e c
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ALL YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
250M B  DIVERGENCE C o n tou r Interval Is 1.0*1 0**—6 /s e c
El Nino A verage  D iv ergen ce  Minus All Other Y ears  A verage  D iv erg e n c e
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Figure L.24: 250-m b divergence, w inter year, 1965-87, difference. 03m




ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER, WITH STORM LOCS,*
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Figure M.6: 250—mb relative vorticity, spring, all years, 1966—89. cncow
ALL EL NINO YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, WITH STORM LOCS,*
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Figure M.9: 2 5 0 -m b  relative vorticity, w in ter -p lu s—spring, all years, 1966—89.
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Figure M.10: 2 5 0 -m b  relative vorticity, sum m er, El Nino years, 1965—88. Ulco
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ALL YEARS, 1 9 6 6 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
2 5 0 M B  RELATIVE VORTICITY C o n tou r Interval Is 2.0*10**—6/ s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor.
Negative Values Mean More Negative Rel. Vor. in El Nino Yrs; Labeled N
Positive Values Mean Less Negative Relative V o rt ic ity  in El Nino Years
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ALL YEARS, 1 9 6 5 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
2 5 0 M B  RELATIVE VORTICITY C on tou r Interval Is 2.0*10* * - 6/ s e c
El Nino Average Relative V ort ic ity  Minus All O ther Years Average Rel. Vor. 
Negative Values Mean More Negative Rel. Vor. in El Nino Yrs; Labeled N 
Positive Values Mean Less Negative Relative V o rt ic ity  in El Nino Years 
Dashed L in s i  250  m b Speed Max in„EI Nin,o Years ,. _ , , u
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ALL YEARS, 1 9 6 5 -8 8 , FALL, EL NINO-OTHER, DIFFERENCE
2 5 0 M B  R E L A T IV E  V O R T IC IT Y  Contour Interval Is 2 .0 *1 0 **—6 /se c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor.
Negative Values Mean More Negative Rel. Vor. in El Nino Yrs; Labeled N
Positive Values Mean Less Negative Relative V o rt ic ity  in El Nino Years
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ALL YEARS, 1 9 6 5 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
2 5 0 M B  RELATIVE VORTICITY C on tou r Interval Is 2.0*10**—6 /s e c
El Nino Average Relative V o rt ic ity  Minus All O ther Years Average Rel. Vor.
Negative Values Mean More Negative Rel. Vor. in El Nino Yrs; Labeled N
Positive Values Mean Less Negative Relative V o rt ic ity  in El Nino Years
Dashed L in ^ i  250  m b Speed Max inMEl Nino Years Kl .. * . .
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Figure M.24: 2 5 0 -m b  relative vorticity, w inter year, 1965—87, difference.






















ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interval Is 100 M
North Pole 
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ALL NON EL NINO YEARS, WINTER, 1 9 6 3 - 8 9 ,  621 POINTS
2 0 0  MB HEIGHT (M) C on tou r Interval Is 100 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, 621 POINTS
2 0 0  MB HEIGHT (M) C on tou r Interval Is 100 M
North Pole 
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interval Is 100 M
North Pole 
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ALL NON EL NINO YEARS, SPRING, 1 9 6 3 - 8 9 ,  621 POINTS
2 0 0  MB HEIGHT (M) C on tou r Interval Is 100 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, 621 POINTS 
2 0 0  MB HEIGHT (M) C o n tou r Interval Is 100 M
North  Pole 
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ALL EL NINO YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
2 0 0  MB HEIGHT (M) C o n tou r Interval Is 100 M
North Pole 










120 W 1 10 W 100 W 90 W 80  W 70 W 60 W



















ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 3 - 8 9 ,  621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interval Is 100 M
North Pole 
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Figure N.8: 2 0 0 -m b  height, w in ter -p lu s-sp r in g , n on -E l Nino years, 1963—89.
ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, 621 POINTS
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Figure N.9: 2 0 0 -m b  height, w in ter -p lu s-sp r in g , all years, 1963-89 .
North Pole 




















ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interva l Is 100 M
North Pole 
Dashed Line: 250—mb Speed Maximum
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ALL NON EL NINO YEARS, SUMMER, 1 9 6 3 - 8 8 ,  621 POINTS
2 0 0  MB HEIGHT (M) C o n tou r Interval Is 100 M
North Pole 
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Figure N. l l :  200-m b  height, sum m er, n o n -E l Nino years, 1963—88.
















ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interva l Is 100 M
North Pole 
Dashed Line: 250—mb Speed Maximum
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ALL EL NINO YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
2 0 0  MB HEIGHT (M) C o n tou r Interval Is 100 M
North Pole 
Dashed Line: 250—mb Speed Maximum
60 N
50 N
1 2 3 0 0 \ 1 2 2 P & -
1 -2 3 0 0  \ 120DO \  ; /-
40 N2100-.. \J 2 0 D 0
1 2 4 0 0
30 N
. Y>ii'256o. <̂,12400/
2 3 0 0 / .
1 2 4 0 0
20 N
120 W 110 W 100 W 90 W 80 W 70 W 60 W
















ALL NON EL NINO YEARS, FALL, 1 9 6 3 - 8 8 ,  621 POINTS
2 0 0  MB HEIGHT (M) C on tou r Interval Is 100 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, 621 POINTS
2 0 0  MB HEIGHT (M) C o n tou r Interval Is 100 M
North Pole 
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Figure N.15: 2 0 0 -m b  height, fall, all years, 1 9 63-88 .
















ALL EL NINO YEARS, 1 9 6 3 - 8 7 ,  WINTER YEAR, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interval Is 100 M
North Pole 
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ALL NON EL NINO YEARS, WINTER YEAR, 1 9 6 3 - 8 7 ,  621 POINTS
2 0 0  MB HEIGHT (M) Contour Interval Is 100 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTER YEAR, 621 POINTS
2 0 0  MB HEIGHT (M) C ontou r Interval Is 100 M
North Pole 
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER SEASON, EL NINO-OTHER, DIFFERENCE
200 MB Height (M) Contour Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height 
Negative Values Mean Lower Height in El Nino Years 
Positive Values Mean Higher Height in El Nino Years
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ALL YEARS, 1 9 6 3 - 8 9 ,  SPRING SEASON, EL NINO-OTHER, DIFFERENCE
200  MB Height (M) C o n tou r Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height 
Negative Values Mean Lower Height in El Nino Years 
Positive Values Mean Higher Height in El Nino Years
Negative Contours Are Dashed
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ALL YEARS, 1 9 6 3 - 8 9 ,  WINTER+SPRING, EL NINO-OTHER, DIFFERENCE
200 MB Height (M) C on tou r Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height 
Negative Values Mean Lower Height in El Nino Years 
Positive Values Mean Higher Height in El Nino Years






120 W 1 10 W 100 W 90 W 80 W 70 W 60 W

















ALL YEARS, 1 9 6 3 - 8 8 ,  SUMMER, EL NINO-OTHER, DIFFERENCE
200  MB Height (M) C on tou r Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height
Negative Values Mean Lower Height in El Nino Years
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Figure N.22: 2 0 0 -m b  height, sum m er, 1 9 6 3 -8 8 , difference.

















ALL YEARS, 1 9 6 3 - 8 8 ,  FALL, EL NINO-OTHER, DIFFERENCE
200 MB Height (M) C ontou r Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height
Negative Values Mean Lower Height in El Nino Years
Positive Values Mean Higher Height in El Nino Years
Negative Contours Are .Dashed
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Figure N.23: 2 0 0 -m b  height, fall, 1 9 63-88 , difference.
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ALL YEARS, 1 9 6 3 - 8 7 ,  WINTERYEAR, EL NINO-OTHER, DIFFERENCE
200  MB Height (M) C on tou r Interval Is 10 M
El Nino Years Average Height Minus All Other Years Average Height 
Negative Values Mean Lower Height, in El Nino Years 
Positive Values Mean Higher Height in El Nino Years






120 W 110 W 100 W 90 W 80 W 70 W 60 W
Figure N.24: 2 0 0 -m b  height, winter year, 1963—87, d ifference.
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W inter Season, 1966, El Nino year
250 MB WIND SPEED, m / s s c  C ontou r Interval Is 5 m /s e c
North Pole
10 M/S, W
DASHED LINES ARE SPEED MAXIMA
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250  MB WIND SPEED, P C ] / S 6 C  C ontou r Interval Is 5 m /s e c
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Winter Season, 1968, La Nina Year
250 MB WIND SPEED, PC\ / S G C  C o n tou r Interval Is 5 m /s e c
North Pole
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Winter Season, 1 969
2 5 0  MB WIND SPEED, m / s e c  contour In terva l Is 5 m /s e c
North Pole
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250 MB SPEED, m / s e e  C o n tou r Interval Is 5 m /s e c
North Pole
10 M/S, W
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Winter Season, 1971, La Nina Year
250  MB WIND SPEED, \ T ) / S 6 C  C on tou r in te rva l Is 5 m /s e c
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Figure 0.6: 2 5 0 -m b  wind speed, winter, 1971 (D 70-F71) La Nina year.













W inter Season, 1 972
250  MB WIND SPEED, m / S G C  C o n to u r Interval Is 5 m /s e c
North Po e
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Figure 0.7: 250—mb wind speed, winter, 1972 (D71—F72).
643
W inter Season, 1973, El Nino yea r
250 MB SPEED, m //s6C  C o n tou r Interval Is 5 m /s e c
North Pole
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W inter Season, 1974, La Nina Year
250  MB WIND SPEED, m / S 6 C  C on tou r Interval Is 5 m /s e c
North Pole
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Winter Season, 1 975
250 MB *, 1 nuy SPEED, m / s S C  C ontou r Interval Is 5 m /s e c
North Pole
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W inter Season, 1976, La Nina Year
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Winter Season, 1977, El Nino year
250 MB WIND SPEED, m / S 6 C  C on tou r Interval Is 5 m /s e c
North Pole
10 M/S, W
DASHED LINES ARE SPEED MAXIMA
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250  MB WIND SPEED, m / S 6 C  C o n tou r Interval Is 5 m /s e c
North Pole
10 M/S, W
DASHED LINES ARE SPEED MAXIMA
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Winter Season, 1 979
250  MB WIND SPEED, m / S 6 C  C o n tou r Intervai Is 5 m /s e c
North Pole
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W inter Season, 1980
2 5 0  MB WIND SPEED, m / S 6 C  C on tou r Interval Is 5 m /s e c
North  Pole
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W inter Season, 1 981
250 MB WIND SPEED, m / S 6 C  C o n tou r Interval Is 5 m /s e c
North Pole
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W inter Season, 1982
250 MB WIND SPEED, m / S G C  C o n tou r Interval Is 5 m /s e c
North Pole
10 M/S,
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Figure 0.17: 250-m b wind speed, winter, 1982 (D81-F82).
653
Winter Season, 1983, El Nino yea r
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Figure 0.18: 250-m b wind speed, winter, 1983 (D82-F83) El Nino year.
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W inter Season, 1 9 8 4
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W inter Season, 1 98 5
2 5 0  MB WIND SPEED, I T ) / S G C  C on tou r Interval Is 5 m /s e c
North Pole
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Figure 0.20: 250-m b wind speed, winter, 1985 (D84-F85).













W inter Season, 1986
2 5 0  MB WIND SPEED, m / s e c  contour Interval Is 5 m /s e c
North Pole
10 M/S, W
DASHED LINES ARE SPEED MAXIMA
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Figure 0.21: 250—mb wind speed, winter, 1986 (D85-F86).













W inter Season, 1987, El Nino yea r
2 5 0  MB WIND SPEED, m / S 6 C  C o n tou r Interval Is 5 m /s e c
North Pole
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Figure 0.22: 250-m b wind speed, winter, 1987 (D86-F87) El Nino year.












W inter Season, 1988
2 5 0  MB SPEED, m / S 6 C  C o n tou r Interval Is 5 m /s e c
North Pole
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W inter Season, 1989, La Nina Year
2 5 0  MB SPEED, m/sGC C o n tou r Interval Is 5 m /s e c
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Figure 0.24: 250—mb wind speed, winter, 1989 (D88-F89) La Nina year.
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ALL EL NINO YEARS, 1 9 6 1 - 9 0 ,  WINTER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
~ r  ■ 1 jv i
ELNINO, £ 5 0 —MB'^SPD--MAX,.^ 9 . 6 ^ - 8 9 . .
INTERVAL: lO.O^M; WITH, - . 2 0 0 ^ j^LSO  (j 
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Figure P.l: Storm locations, winter, 5 El Nino years, 1961-90.

































D ALL NON EL YEARS, WINTER, 1 9 6 1 -9 0 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
ELN IM O /2 5 0 —MB S P D ‘MAX-,-19 -6 6 -8 9  
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D ALL YEARS, 1 9 6 1 - 9 0 ,  WINTER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
, £ 5 0 —MB SPD MAX, -T 9 -66^§9 ......
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Figure P.3: Storm  locations, winter, all 30 years, 1961-90.






























D ALL EL NINO YEARS, 1 9 6 1 - 9 0 ,  SPRING, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
^LNINO, 250-M 'B /SPD-M AX,.. 1 9 6 0 - 8 9  







105 W 100 W 95 W 90 W
Figure P.4: Storm locations, spring, 6 El Nino springs, 1961-90.































D ALL NON EL NINO YEARS, SPRING, 1 9 6 1 -9 0 ,  STORMS BY 5 DEG SQUARES
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D ALL YEARS, 1 9 6 1 - 9 0 ,  SPRING SEASON, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
EARS, ^ 5 0 -M B  SPD MAX; ■■19-664.89.
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Figure P.6: Storm  locations, spring, all 30 springs, 1961-90.






























D ALL EL NINO YEARS, 1 9 6 1 -9 0 ,  WINTER+SPRING, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
p_NINO, 250-M 'B /S P D -M A X ,...1.9661-89 . 
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D ALL NON EL NINO YEARS, WINTER+SPRING 1 9 6 1 - 9 0 , STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
ELNIMO/ 2 5 0 -M B  S P D ' MAX-,-1-9.66- § 9  
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D ALL YEARS, 1 9 6 1 - 9 0 ,  WINTER+SPRING, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
(  2 5 0 —MB SPD MAX;-'19-66+89
r  i , i .............
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Figure P.9: Storm locations, w in ter-p lu s-sp ring , all 30 years, 1961-90.





























D ALL EL NINO YEARS, 1 9 6 1 - 9 0 ,  SUMMER, STORMS BY 5 DEG SQUARES
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Figure P. 10: Storm locations, summer, 5 El Nino years, 1961-90.
ED LINE: ^LNINO, 2 5 0 -M B rS P D  MAX,.. 1 9 6 0 - 8 9  






























D ALL NON EL NINO YEARS, SUMMER, 1 9 6 1 - 9 0 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
0 /  2 5 0 —MB SPD MAX-,•■•19-66-89
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ALL YEARS, 1 9 6 1 - 9 0 ,  SUMMER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
, ^ 5 0 —MB SPD 'MAX','■ 19-66H-.8 9.
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D ALL EL NINO YEARS, 1 9 6 0 - 8 9 ,  FALL, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
: ELNINO, 250 -M 'B rS P D -M A X ,.. ;L 96 3 -8 9
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Figure P. 13: Storm locations, fall, 5 El Nino years, 1960-89.






























D ALL NON EL NINO YEARS, FALL, 1 9 6 0 -8 9 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
0 /  2 5 0 —MB S P D 'M A X v '4 9 .66 -89' i - .......DASH
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Figure P. 14: Storm locations, fall, 2 5  non-E l Nino years, 1960-89.




ALL YEARS, 1 9 6 0 - 8 9 ,  FALL, STORMS BY 5 DEG SQUARES
II VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
, ^ 5 0 —MB 8 P D MAX'/• J9-6S 
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Figure P. 15: Storm locations, fall, all 30 years, 1960-89.
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Q ALL EL NINO YEARS, 1 9 6 0 - 8 9 ,  WINTER YEAR, STORMS BY 5 DEG SQUARES 
co
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
pJMINO, 2 5 0 —MBrSPO-MAX,.. 19.60—89... 40 N 
)U;R INTERVAL: 100q'M; WITH j-2 O O M ^ L S 0  (
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Figure P. 16: Storm locations, winter year, 5 El Nino years, 1960-89.































D ALL NON EL NINO YEARS, WINTER YEAR, 1 9 6 0 - 8 9 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
DASH 0 /  2 5 0 -M B  SPD MAX-,--1 9 -6 6 -8 9  
> / , « -■*
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ALL YEARS, 1 9 6 0 - 8 9 ,  WINTER YEAR, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
(  ^ 5 0 —MB SP D MAX,--49-86A.8 9 ......
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18: Storm  locations, w inter year, all 30 years, 1960-89.
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TEM PERATURE A N D  
PRECIPITATION DATA
680
Table Q .l: Average temperature in 15 Gulf of Mexico-region, single stations in 
El Nino years; The data is from the Carbon Dioxide Information Analysis Center 
(Bradley et al. 1985). Results of the rank sum test for differences between El Nino 
and other years, z-Values are given for test of the hypothesis that temperature 
varies between El Nino and other years. Two levels of significance are shown: a  
=  .01, reject the null hypothesis if z  > 2.575 or z < —2.575; a  =  .05, reject the 
null hypothesis if z > 1.960 or z  <  —1.960. Confidence criteria are not adjusted for 
multiple use of the test because of varying periods of record.________
Mean Temp C° Number Of Events
Season z El Nino Other El Nino Other
K e y  W e st , FL , 1851-1970
winteryear -1.303 25.0 25.2 33 81
winter+spring f -1.999 22.7 23.1 33 81
winter -1.781 21.0 21.4 33 81
spring f -2.271 24.4 24.8 36 79
summer 0.235 28.6 28.6 32 84
fall 1.142 26.1 26.0 33 83
M ia m i, FL, 1895-1980
winteryear -0.796 24.0 24.1 21 62
winter+spring -1.338 21.6 21.9 21 63
winter -1.861 19.7 20.2 22 63
spring -1.101 23.5 23.7 25 59
summer -0.286 27.6 27.6 23 61
fall -0.163 25.1 25.1 23 62
T am p a , FL,, 1851-1980
winteryear -1.484 22.2 22.4 24 73
winter+spring -1.585 18.9 19.3 25 73
winter -1.679 16.0 16.6 25 73
spring -0.954 21.9 22.1 29 69
summer -0.837 27.4 27.5 26 74
fall -0.975 23.2 23.4 26 74
Table Q .l continued
Season z
Mean Temp C° 
El Nino Other
Number of Events 
El Nino Other
T h o m a sv ille , G A , 1892-1980
winteryear -1.485 19.6 19.8 19 55
winter+spring f -2.053 15.4 16.0 21 58
winter f -2.409 11.2 12.2 22 61
spring -0.418 19.6 19.7 25 57
summer 1.158 27.0 26.9 21 61
fall -1.197 20.1 20.4 22 61 .
P en sa co la , FL , 1879-1980
winteryear % -2.679 19.6 20.0 27 73
winter+spring f -2.552 15.5 16.1 27 74
winter f -1.999 11.7 12.4 27 74
spring -0.858 19.4 19.6 31 70
summer -0.203 27.1 27.1 27 74
fall -1.681 20.4 20.9 28 73
M o b ile , A L, 1873-1970
winteryear $ -3.216 19.1 19.5 28 68
winter+spring \ -2.620 14.9 15.5 28 68
winter f -2.084 10.9 11.6 28 68
spring -1.066 19.1 19.3 31 67
summer 0.656 26.9 26.8 27 71
fall -1.675 19.8 20.1 28 70
N e w  O rlean s, LA , 1874-1980
winteryear | -2.721 20.6 20.9 29 77
winter+spring J -2.718 16.5 17.1 29 77
winter f -2.434 12.6 13.4 29 77
spring -0.793 20.6 20.7 34 73
summer 0.203 27.9 27.8 29 78
fall f -2.033 21.2 21.7 29 78
Table Q .l continued
Mean Temp C° Number of Events
Season z El Nino Other El Nino Other
M erid ia n , M S, 1889-1980
winteryear -1.890 17.7 18.0 23 68
winter+spring -1.954 13.1 13.6 23 68
winter -1.479 8.6 9.2 23 68
spring -0.765 17.7 17.9 27 64
summer 0.725 26.6 26.5 24 67
fall -1.076 18.0 18.4 24 68
V ick sb u rg , M S, 1871-1980
winteryear -1.873 18.5 18.7 30 78
winter+spring -1.835 14.0 14.3 30 79
winter -1.282 9.5 10.0 30 79
spring -0.713 18.5 18.7 34 75
summer 1.896 27.2 26.9 29 80
fall -1.629 18.9 19.3 31 78
A lex a n d r ia , LA , 1894-1980
winteryear -1.380 19.2 19.4 20 56
winter+spring -1.353 14.7 15.1 20 59
winter -1.562 10.1 10.7 20 59
spring 0.791 19.5 19.4 25 57
summer f 2.099 28.0 27.6 21 61
fall -1.126 19.5 20.0 21 59
J en n in g s , LA , 1897-1980
winteryear $ -3.456 19.7 20.3 20 59
winter+spring f -2.509 15.6 16.3 21 62
winter f -2.242 11.4 12.4 21 62
spring -0.328 20.0 20.2 25 58
summer 0.879 27.7 27.6 22 58
fall t -2.662 20.3 21.0 22 61
Table Q .l continued
Mean Temp C° Number of Events
Season z El Nino Other El Nino Other
G a lv e s to n , T X , 1873-1977
winteryear J -4.086 20.5 21.0 30 74
winter+spring J -3.229 16.2 16.9 30 74
winter f -2.802 12.4 13.4 30 74
spring -1.048 20.2 20.4 34 71
summer 0.900 28.0 27.9 29 76
fall $ -3.249 21.7 22.4 30 75
C orp u s C h risti, T X , 1887-1950
winteryear | -3.295 21.3 21.9 19 44
winter+spring | -3.213 17.3 18.2 19 44
winter | -2.247 13.8 14.8 19 44
spring f -2.024 21.0 21.7 21 43
summer 0.257 28.0 27.9 19 45
fall f -2.499 22.5 23.1 20 44
M er id a , M ex ico , 1895-1980
winteryear -0.212 25.8 25.8 17 51
winter+spring -1.110 24.9 25.2 17 53
winter f -2.001 23.0 23.3 17 54
spring -1.023 26.9 27.0 23 52
summer -1.138 27.4 27.5 18 59
fall 1.296 25.9 25.7 18 58
C asa B la n ca , C uba, 1871-1980
winteryear 0.637 25.0 25.0 28 72
winter+spring -0.417 23.4 23.5 28 73
winter -1.370 22.1 22.3 28 73
spring -0.762 24.7 24.7 33 69
summer 1.002 27.5 27.4 29 72
fall 1.232 25.8 25.6 29 72
Notes:
|  : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table Q.2: Average temperature in 15 Gulf of Mexico-region, single stations in 
La Nina years; The data is from the Carbon Dioxide Information Analysis Center 
(Bradley et al. 1985). Results of the rank sum test for differences between La Nina, 
and other years; z-Values are given for test of the hypothesis that temperature 
varies between La Nina and other years. Two levels of significance are shown: a  
=  .01, reject the null hypothesis if z > 2.575 or z < —2.575; a  = .05, reject the 
null hypothesis if z  > 1.960 or z < —1.960. Confidence criteria are not adjusted for
Mean Temp C° Number of Events
Season z La Nina Other La Nina Other
K e y  W e st , FL, 1851-1970
winteryear 0.884 25.2 25.1 18 71
winter+spring 1.554 23.2 22.9 18 72
winter f 2.214 21.8 21.1 18 72
spring -0.207 24.6 24.6 18 72
summer 0.605 28.6 28.5 18 72
fall -1.474 25.8 26.0 19 71
M ia m i, FL, 1895-190
winteryear -0.068 24.1 24.1 17 66
winter+spring 0.913 22.0 21.8 17 67
winter 1.346 20.4 20.0 17 68
spring -0.278 23.6 23.6 17 67
summer 0.239 27.6 27.6 17 67
fall -1.621 24.9 25.2 17 68
T am p a, FL, 1851-1980
winteryear 0.015 22.4 22.4 19 72
winter+spring 0.952 19.5 19.2 19 72
winter 1.352 16.9 16.4 19 72
spring 0.220 22.1 22.1 19 72
summer 0.114 27.5 27.5 19 74
fall -1.453 23.2 23.4 19 74
Table Q.2 continued
Mean Temp C° Number of Events
Season z La Nina Other La Nina Other
T h o m a sv ille , G A , 1892-1980
winteryear 0.926 19.8 19.7 16 58
winter+spring 1.593 16.1 15.7 17 62
winter f 2.031 12.6 11.8 17 66
spring 0.228 19.6 19.7 16 66
summer -0.170 26.9 26.9 16 66
fall 0.023 20.3 20.3 17 66
P en sa co la , FL, 1879-1980
winteryear 1.374 20.1 19.9 21 78
winter+spring f 2.382 16.4 15.7 21 79
winter f 2.539 13.0 12.0 21 79
spring 0.622 19.7 19.5 21 79
summer -0.220 27.0 27.1 21 79
fall -0.838 20.7 20.8 21 79
M o b ile , A L, 1873-1970
winteryear 1.924 19.6 19.4 17 71
winter+spring f 2.557 15.9 15.2 17 72
winter f 2.427 12.3 11.3 17 72
spring 1.115 19.5 19.2 18 72
summer -0.843 26.8 26.9 18 72
fall -1.058 20.0 20.2 19 71
N e w  O rlean s, LA, 1874-1980
winteryear 0.890 20.9 20.8 21 78
winter+spring f 2.154 17.4 16.8 21 79
winter f 2.395 14.0 13.0 21 79
spring 0.135 20.7 20.7 21 79
summer -1.672 27.7 27.9 21 79
fall -0.766 21.5 21.7 21 79
Table Q.2 continued
Mean Temp C° Number of Events
Season z La Nina Other La Nina Other
M erid ia n , M S, 1889-1980
winteryear 0.781 18.1 17.9 19 72
winter+spring 1.670 13.9 13.4 19 72
winter f 1.997 9.8 8.9 19 72
spring 1.099 18.0 17.8 19 72
summer 0.010 26.5 26.6 18 73
fall -1.085 18.1 18.3 19 73
V ick sb u rg , M S, 1871-1980
winteryear 1.516 18.9 18.6 20 78
winter+spring $ 2.670 14.7 14.1 21 79
winter f 2.776 10.7 9.6 21 79
spring 1.045 18.8 18.6 21 79
summer -1.841 26.7 27.0 21 79
fall -0.841 19.2 19.3 20 79
A lex a n d r ia , LA , 1894-1980
winteryear 0.287 19.4 19.4 16 60
winter+spring 0.720 15.1 14.9 16 63
winter 1.025 10.9 10.5 16 63
spring 0.069 19.5 19.4 17 65
summer -1.899 27.5 27.8 17 65
fall 0.000 19.9 19.9 17 63
J en n in g s , LA, 1897-1980
winteryear 1.055 20.3 20.1 16 63
winter+spring 1.614 16.5 16.0 17 66
winter 1.681 12.8 12.0 17 66
spring 0.875 20.3 20.1 17 66
summer -1.276 27.5 27.7 16 64
fall 0.333 21.0 20.8 17 66
Table Q.2 continued
Mean Temp C° Number of Events
Season z La Nina Other La Nina Other
G a lv e s to n , T X , 1873-1977
winteryear $ 2.610 21.2 20.8 21 75
winter+  spring J 3.241 17.3 16.5 21 76
winter J 2.882 13.9 12.9 21 76
spring f 2.076 20.6 20.2 21 76
summer -1.336 27.8 28.0 21 76
fall 0.333 22.4 22.2 21 76
C orp u s C h rist!, T X , 1887-1950
winteryear 1.286 22.0 21.6 11 52
winter+spring f 2.463 18.7 17.8 11 52
winter f 2.444 15.7 14.2 11 52
spring 1.566 21.9 21.4 11 53
summer -0.926 27.8 28.0 11 53
fall -0.080 22.9 22.9 11 53
M erid a , M ex ico , 1895-1980
winteryear -1.416 25.7 25.9 12 56
winter+spring -1.099 24.9 25.1 12 58
winter 1.390 23.5 23.2 13 58
spring f -2.184 26.6 27.1 13 62
summer 0.659 27.5 27.5 16 61
fall -1.166 25.6 25.8 16 60
C asa B la n ca , C uba, 1871-1980
winteryear 0.151 24.9 24.9 19 72
winter+spring 0.444 23.4 23.4 19 73
winter 1.659 22.4 22.1 19 73
spring -1.085 24.5 24.6 19 73
summer 0.347 27.4 27.3 19 73
fall -0.352 25.5 25.6 19 72
Notes:
$ : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table Q.3: Total precipitation at 15 Gulf of Mexico-region, single stations in El 
Nino years; The data is from the Carbon Dioxide Information Analysis Center 
(Bradley et al. 1985). Results of the rank sum test for differences between El Nino 
and other years; z-Values are given for test of the hypothesis that precipitation 
varies between El Nino and other years. Two levels of significance are shown: a  
- .01, reject the null hypothesis if 2  >  2.575 or z < —2.575; a  =  .05, reject the 
null hypothesis if z > 1.960 or z  <  —1.960. Confidence criteria are not adjusted for 
multiple use of the test because of varying periods of record.__________
Total Precip (mm) Number of Events
Season z El Nino Other El Nino Other
K e y  W e st , FL, 1851-1970
winteryear 0.384 1002.4 986.4 31 77
winter+spring f 2.353 337.2 279.3 31 77
winter f 2.007 159.2 130.4 31 77
spring f 2.875 184.9 143.1 34 76
summer J -2.609 286.6 347.1 31 80
fall -1.436 335.3 383.4 32 79
M ia m i, FL,, 1895-1980
winteryear 0.890 1534.0 1460.5 23 66
winter+spring f 2.267 541.4 440.9 24 68
winter J 3.339 207.9 144.8 26 68
spring 1.697 349.9 290.7 29 66
summer 0.270 516.3 515.2 26 68
fall f -2.058 435.4 528.7 25 69
T am p a, FL , 1851-1980
winteryear -0.922 1228.8 1259.8 28 81
winter+spring f 2.161 444.6 372.0 29 82
winter t 2.826 232.8 170.9 29 82
spring 1.028 225.1 196.2 34 78
summer -0.309 580.0 589.3 29 83
fall 0.224 272.3 268.9 31 81
Table Q.3 continued
Total Precip (mm) Number of Events
Season z El Nino Other El Nino Other
T h o m a sv ille , G A , 1892-1980
winteryear 1.403 1382.6 1315.3 27 71
winter+spring 1.831 689.7 612.1 27 72
winter | 2.916 375.8 294.9 27 74
spring 0.151 319.1 317.2 32 68
summer 0.345 451.0 442.0 27 74
fall 0.891 277.3 242.7 28 73
P en sa co la , FL , 1879-1980
winteryear 0.905 1567.4 1514.8 27 73
winter+spring 1.435 724.1 662.5 27 74
winter ^ 2.962 388.3 314.4 27 74
spring 0.269 346.7 344.0 31 70
summer -1.270 472.0 514.1 27 74
faU 1.567 381.9 328.1 28 73
M o b ile , A L , 1873-1970
winteryear 0.996 1638.1 1566.7 30 76
winter+spring 1.095 820.2 765.7 31 76
winter f 2.445 430.2 361.5 31 76
spring 0.448 409.6 394.5 35 74
summer -0.761 472.4 502.0 31 79
fall 1.672 350.5 297.9 31 78
N e w  O rleans , L A , 1874-1980
winteryear 0.647 1561.6 1527.3 34 85
winter+spring 1.347 793.8 723.0 34 85
winter J 2.894 400.8 342.0 34 85
spring 0.925 406.9 372.0 38 82
summer -1.237 450.2 477.5 33 88
fall 1.923 351.0 311.2 34 87
Table Q.3 continued
Total Precip (mm) Number of Events
Season z El Nino Other El Nino Other
M erid ia n , M S, 1889-1980
winteryear 1.689 1443.6 1338.9 23 68
winter+spring 0.242 797.4 789.6 23 68
winter 0.712 401.8 395.0 23 68
spring 0.343 402.4 391.6 27 64
summer -1.671 314.0 358.4 24 67
fall 0.609 241.6 223.9 24 68
V ick sb u rg , M S., 1871-1980
winteryear 0.463 1325.3 1316.1 31 82
winter+spring -0.540 779.4 802.1 32 84
winter -1.229 370.6 407.8 32 84
spring 0.752 420.1 388.4 36 80
summer -0.186 274.7 279.1 31 84
fall 1.258 271.5 231.5 33 83
A lex a n d r ia , LA , 1894-1980
winteryear | 2.408 1545.5 1403.7 24 64
winter+spring 1.313 858.8 794.4 24 65
winter 0.897 440.7 403.5 24 65
spring 0.645 429.0 385.7 28 63
summer -1.620 305.7 355.1 24 66
fall 1.022 319.0 276.4 25 64
J e n n in g s , L A , 1897-1980
winteryear J: 2.661 1652.9 1436.0 21 62
winter+spring f 2.011 827.9 727.5 21 62
winter 0.890 411.9 384.7 21 62
spring 1.867 409.8 334.9 26 58
summer -0.232 441.9 415.6 22 61
fall f 2.493 378.5 293.1 22 62
Table Q.3 continued
Total Precip (mm) Number of Events
Season z El Nino Other El Nino Other
G a lv esto n , T X , 1873-1977
winteryear | 2.967 1286.9 1065.3 30 76
winter+spring | 3.752 583.5 447.9 30 76
winter $ 3.149 305.4 234.3 30 76
spring f 2.559 275.7 211.1 34 72
summer -0.583 295.6 313.7 30 77
fall t 2.658 407.3 306.5 31 76
C orpus C h risti, T X , 1887-1950
winteryear f 2.528 796.2 610.9 18 44
winter+spring 1 2.900 361.9 257.3 18 44
winter 1.908 137.3 112.6 18 44
spring f 2.347 211.6 150.0 21 42
summer f -2.172 121.5 182.5 19 44
fall 1.483 232.1 204.2 19 44
M erid a , M ex ico , 1895-1980
winteryear -0.257 911.6 934.8 14 47
winter+spring -0.066 214.5 205.4 14 49
winter -0.116 84.8 86.2 16 52
spring 1.532 143.5 109.1 21 48
summer -0.171 414.0 429.5 18 58
fall -0.916 272.8 308.8 18 58
C asa B la n ca , C uba, 1871-1980
winteryear 0.533 1211.1 1171.8 33 79
winter+spring | 2.690 431.6 355.6 33 79
winter f 3.448 212.8 151.4 33 80
spring 1.181 219.9 201.4 37 76
summer -0.603 387.2 412.1 33 81
fall -1.620 369.6 414.0 33 80
Notes:
t : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
Table Q.4: Total precipitation in 15 Gulf of Mexico-region, single stations in La 
Nina years; The data is from the Carbon Dioxide Information Analysis Center 
(Bradley et al. 1985). Results of the rank sum test for differences between La Nina 
and other years; z-Values are given for test of the hypothesis that precipitation 
varies between La Nina and other years. Two levels of significance are shown: a  
= .01, reject the null hypothesis if z > 2.575 or z  <  —2.575; a  =  .05, reject the 
null hypothesis if z > 1.960 or z < —1.960. Confidence criteria are not adjusted for 
multiple use of the test because of varying periods of record._______
Total Precip (mm) Number of Events
Season z La Nina Other La Nina Other
K e y  W est , FL
winteryear J -2.689 852.0 1019.0 17 67
winter+spring -0.891 258.2 299.3 17 67
winter -1.336 100.7 136.5 17 67
spring -0.994 147.7 164.1 17 68
summer 0.934 333.4 309.6 17 68
fall -1.501 342.1 390.0 18 67
M ia m i, FL, 1895-190
winteryear -1.629 1351.1 1480.8 17 63
winter+spring -1.584 401.8 469.6 17 65
winter f -2.087 116.9 162.5 17 67
spring -1.501 269.0 315.1 17 66
summer 0.566 525.4 503.9 16 67
fall -0.812 475.0 504.3 17 66
T am p a, FL, 1851-1980
winteryear -0.805 1192.5 1253.5 21 78
winter+spring t -2.890 303.6 411.0 21 79
winter f -2.767 132.3 196.7 21 79
spring -1.286 174.2 213.6 21 79
summer 0.952 607.2 571.0 21 79
fall 0.334 269.4 272.2 21 79
Table Q.4 continued
Total Precip (mm) Number of Events
Season z La Nina Other La Nina Other
T h o m a sv ille , G A , 1892-1980
winteryear -1.349 1274.6 1344.5 19 76
winter+spring f -2.461 565.7 651.6 20 77
winter -1.194 294.3 323.0 20 79
spring -1.586 281.1 326.6 19 78
summer 0.044 448.3 441.8 20 78
fall -0.419 238.7 249.0 20 78
P en sa co la , FL , 1879-1980
winteryear f -3.201 1353.2 1569.5 21 78
winter+spring $ -4.210 526.5 721.1 21 79
winter -0.935 305.6 344.0 21 79
spring $ -3.059 259.2 366.9 21 79
summer 0.914 529.2 497.5 21 79
fall -1.206 294.1 352.5 21 79
M o b ile , A L, 1873-1970
winteryear J -3.641 1374.6 1637.6 17 71
winter+spring f -3.705 627.5 823.2 17 72
winter -1.372 347.4 390.5 17 72
spring f -2.088 324.5 421.0 18 72
summer -0.131 498.9 501.0 18 72
fall -1.666 250.7 317.0 19 71
N e w  O rlean s, LA, 1874-1980
winteryear J -3.107 1369.5 1591.4 21 78
winter+spring f -4.007 592.0 791.2 21 79
winter f -2.052 316.6 375.2 21 79
spring f -2.260 308.9 407.1 21 79
summer -0.368 469.4 476.9 21 79
fall -1.354 277.7 331.6 21 79
Table Q.4 continued
Total Precip (mm) Number of Events
Season z La Nina Other La Nina Other
M erid ia n , M S, 1889-1980
winteryear \ -2.646 1230.1 1401.0 19 72
winter+spring -1.841 726.4 808.8 19 72
winter 0.474 408.6 393.6 19 72
spring -1.567 343.5 408.4 19 72
summer 0.389 349.2 346.0 18 73
fall -1.485 187.3 239.3 19 73
V ick sb u rg , M S 1871-1980
winteryear -1.036 1272.6 1310.7 21 78
winter+spring -0.140 780.6 792.5 21 79
winter 0.432 421.4 396.8 21 79
spring 0.021 381.0 389.9 21 79
summer 0.863 289.0 271.9 21 79
faU -1.477 205.5 242.4 21 79
A lex a n d r ia , LA 1894-1980
winteryear -1.831 1323.3 1475.2 19 69
winter+spring -0.971 764.2 824.6 19 70
winter 1.071 428.1 409.5 19 70
spring -1.182 357.5 410.0 19 72
summer 1.617 388.6 329.4 19 71
fall -1.612 239.9 301.5 19 70
J e n n in g s , LA , 1897-1980
winteryear J -3.171 1298.3 1540.5 17 66
winter+spring J -2.674 633.3 783.7 17 66
winter -0.372 379.5 394.7 17 66
spring t -2.722 270.0 380.5 17 67
summer f 2.048 471.9 409.9 17 66
fall -1.564 276.6 325.4 17 67
Table Q.4 continued
Total Precip (mm) Number of Events
Season z La Nina Other La Niiia Other
G a lv e s to n , T X , 1873-1977
winteryear -1.290 1030.6 1127.0 21 75
winter+spring f -2.531 400.9 502.5 21 76
winter f -2.277 214.7 263.2 21 76
spring -0.666 206.9 233.5 21 76
summer 1.182 333.8 295.4 21 76
fall -1.064 287.6 334.1 21 76
C orpu s C h r isti, T X , 1887-1950
winteryear -1.704 534.4 692.8 11 51
winter+spring -1.115 240.4 297.9 11 51
winter -1.345 99.3 124.2 11 51
spring -1.430 131.7 178.7 11 52
summer 0.634 176.8 161.4 11 52
fall t -2.833 134.4 229.2 11 52
M erid a , M ex ico , 1895-1980
winteryear -0.254 928.7 929.7 12 49
winter+spring 0.753 222.4 203.9 12 51
winter 0.936 92.8 84.2 13 55
spring 0.343 120.2 119.4 14 55
summer -0.484 413.9 429.0 16 60
fall 0.688 326.0 293.4 16 60
C asa B la n ca , C uba, 1871-1980
winteryear f -2.109 1047.1 1201.4 19 72
winter+spring -1.770 315.1 387.1 19 73
winter f -3.318 107.1 179.2 19 73
spring -0.352 215.0 206.1 19 73
summer 0.757 429.0 387.8 19 73
fall 0.352 398.3 403.4 19 72
Notes:
$ : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
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Table Q.5: Average temperature in 8 Gulf of Mexico region, climatic divisions in 
El Nino years; The data is from the Southern Regional Climate Center (Southern 
Regional Climate Center). Results of the rank sum test for differences between El 
Nino and other years, z-Values are given for test of the hypothesis that tempera­
ture varies between El Nino and other years. Confidence criteria are adjusted for 
multiple use of the test. Four levels of significance are shown: a — .01, reject the 
null hypothesis if z > 3.260 or z < —3.260; a  — .05, reject the null hypothesis if 
z  > 2.740 or z  < —2.740. Similarly, for the .10 and .20 levels, the criteria are 2.50
-----•“ -> *--
Mean Temp C° Number of Events
Season z El Nino Other El Nino Other
K e y  W e st , FL, 1895-1989
winteryear -0.932 25.0 25.1 24 70
winter+spring -1.413 22.7 23.0 24 70
winter -1.531 21.0 21.3 24 70
spring -1.445 24.5 24.8 28 67
summer -0.173 28.4 28.4 25 70
fall 0.300 26.0 26.0 25 70
S t. P e te r sb u r g , FL, 1895-1989
winteryear -1.010 22.2 22.3 24 70
winter+spring -1.431 18.9 19.3 24 70
winter -1.682 16.3 16.7 24 70
spring -1.331 21.6 21.9 28 67
summer 0.055 27.2 27.2 25 70
fall -0.334 23.3 23.4 25 70
T a llah assee , FL, 1895-1989
winteryear -1.973 19.4 19.6 24 70
winter+spring -2.020 15.2 15.7 24 70
winter -1.804 11.3 11.9 24 70
spring -0.947 19.2 19.4 28 67
summer 0.604 26.9 26.8 25 70
fall -1.171 20.0 20.3 25 70
Table Q.5 continued
Mean Temp C° Number of Events
Season z El Nino Other El Nino Other
N e w  O rlean s, LA, 1889-1990
winteryear f -2.770 20.3 20.7 25 77
w inter+spring1 -2.505 16.3 16.9 25 77
winter -2.143 12.6 13.3 25 77
spring -1.394 20.2 20.5 30 73
summer 1.169 27.6 27.5 26 77
fall -1.655 21.1 21.5 26 77
Lake C h arles, LA, 1895-1989
winteryear f -2.814 19.5 19.9 24 70
winter+spring-2 -2.289 15.3 15.8 24 70
winter -1.782 11.2 11.8 24 70
spring -0.527 19.6 19.8 28 67
summer 2.079 27.5 27.3 25 70
fa ll2 -2.299 20.0 20.6 25 70
H o u sto n , T X , 1895-1989
winteryear f -2.983 20.4 20.8 24 70
winter+spring f -2.901 16.2 16.8 24 70
winter -1.825 12.3 12.9 24 70
spring -0.988 20.4 20.6 28 67
summer 2.164 28.2 28.0 25 70
fa ll1 -2.574 21.1 21.7 25 70
C orpus C h risti, T X , 1895-1989
winteryear $ -3.525 20.4 20.9 24 70
winter+spring J -3.473 15.9 16.7 24 70
winter -1.765 11.8 12.4 24 70
spring -1.988 20.3 20.8 28 67
summer 1.982 28.8 28.5 25 70
fa ll2 -2.265 21.1 21.7 25 70
Table Q.5 continued
Season z
Mean Temp C° 
El Nino Other
Number of Events 
El Nino Other
B ro w n sv ille , T X , 1895-1989
winteryear-1 -2.580 22.9 23.4 24 70
winter+spring-1 -2.692 19.5 20.2 24 70
winter -1.596 16.0 16.6 24 70
spring -1.714 23.4 23.8 28 67
summer 1.568 29.2 29.0 25 70
fall -1.775 23.6 24.0 25 70
Notes:
$ : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
Table Q.6: Average temperature in 8 Gulf of Mexico region, climatic divisions in 
La Nina years; The data is from the Southern Regional Climate Center (Southern 
Regional Climate Center). Results of the rank sum test for differences between La 
Nina and other years; z-Values are given for test of the hypothesis that tempera­
ture varies between La Nina and other years. Confidence criteria are adjusted for 
multiple use of the test. Four levels of significance are shown: a  — .01, reject the 
null hypothesis if z > 3.260 or 2  <  —3.260; a  = .05, reject the null hypothesis if 
z  >  2.740 or z <  —2.740. Similarly, for the .10 and .20 levels, the criteria are 2.50
.. '  V V
Mean Temp C° Number of Events
Season z La Nina Other La Nina Other
K e y  W e st , FL, 1895-1989
winteryear 0.495 25.1 25.1 18 76
winter+spring 1.293 23.2 22.9 18 76
winter 1.711 21.5 21.1 18 76
spring -0.186 24.7 24.7 19 76
summer 0.019 28.4 28.4 18 77
fall -1.249 25.8 26.0 18 77
S t. P e te r sb u r g , FL, 1895-1989
winteryear -0.207 22.2 22.3 18 76
winter+spring 0.961 19.4 19.2 18 76
winter 1.446 16.9 16.5 18 76
spring -0.074 21.8 21.8 19 76
summer -0.874 27.2 27.2 18 77
fall -1.828 23.1 23.4 18 77
T a lla h a ssee , FL, 1895-1989
winteryear 0.504 19.6 19.5 18 76
winter+spring 1.288 15.8 15.5 18 76
winter 1.677 12.2 11.6 18 76
spring -0.023 19.3 19.4 19 76
summer -0.499 26.8 26.8 18 77
fall -0.964 20.1 20.3 18 77
701
Table Q.6 continued
Mean Temp C° Number of Events
Season z La Nina Other La Niiia Other
N e w  O rlean s, LA , 1889-1990
winteryear 1.378 20.7 20.6 20 82
w inter+spring2 2.373 17.2 16.6 20 82
winter'2 2.524 13.9 12.9 20 82
spring 0.147 20.4 20.4 21 82
summer -1.238 27.4 27.5 20 83
fall -0.909 21.3 21.4 20 83
L ake C h arles, L A , 1895-1989
winteryear 1.225 19.9 19.8 18 76
winter+spring 1.956 16.0 15.6 18 76
winter 2.181 12.2 11.4 18 76
spring 0.498 19.8 19.7 19 76
summer -1.904 27.2 27.4 18 77
fall -0.475 20.5 20.4 18 77
H o u sto n , T X , 1895-1989
winteryear-2 2.282 21.0 20.7 18 76
w inter+spring1 2.556 17.1 16.6 18 76
winter'1 2.595 13.5 12.6 18 76
spring 1.363 20.8 20.5 19 76
summer -1.847 27.9 28.1 18 77
fall 0.765 21.7 21.5 18 77
C orpus C h risti,, T X , 1895-1989
winteryear'1 2.667 21.1 20.7 18 76
winter+spring f 2.974 17.0 16.3 18 76
winter-1 2.547 13.0 12.1 18 76
spring-2 2.345 21.2 20.6 19 76
summer -1.173 28.4 28.6 18 77
fall 0.997 21.7 21.5 18 77
Table Q.6 continued
Season z
Mean Temp C° 
La Nina Other
Number of Events 
La Nina Other
B ro w n sv ille , T X , 1895-1989
winteryear 1.855 23.5 23.2 18 76
winter+spring-2 2.273 20.5 19.9 18 76
winter-1 2.619 17.2 16.2 18 76
spring 1.484 23.9 23.6 19 76
summer -1.629 28.8 29.1 18 77
fall -0.176 23.9 23.9 18 77
Notes:
|  : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
Table Q.7: Total precipitation at 8 Gulf of Mexico region, climatic divisions in 
El Niiio years; The data is from the Southern Regional Climate Center (Southern 
Regional Climate Center). Results of the rank sum test for differences between El 
Niiio and other years; z-Values are given for test of the hypothesis that precipita­
tion varies between El Nino and other years. Confidence criteria are adjusted for 
multiple use of the test. Four levels of significance are shown: a  =  .01, reject the 
null hypothesis if z  >  3.260 or z < —3.260; a  =  .05, reject the null hypothesis if 
z  > 2.740 or z < —2.740. Similarly, for the .10 and .20 levels, the criteria are 2.50
7 A i , v
Total Precip (mm) Number of Events
Season z El Niiio Other El Niiio Other
K e y  W e st , FL, 1895-1989
winteryear 1.223 1122.1 1061.8 24 70
winter+spring f 2.835 401.6 302.2 24 70
winter t 3.694 196.9 123.5 24 70
spring 2.155 207.1 176.3 28 67
summer -0.220 360.4 366.6 25 70
fall -0.401 378.8 382.7 25 70
S t. P e te r sb u r g , FL , 1895-1989
winteryear 0.143 1309.2 1305.4 24 70
winter+spring f 2.766 475.4 394.2 24 70
winter f 3.009 219.3 163.9 24 70
spring2 2.261 267.6 224.4 28 67
summer 0.638 577.6 563.7 25 70
fall -0.871 314.8 325.2 25 70
T a llah assee , FL, 1895-1989
winteryear 1.205 1537.8 1463.2 24 70
winter+spring 1.834 726.8 647.6 24 70
w inter1 2.545 379.1 319.1 24 70
spring 0.763 347.7 328.0 28 67
summer -1.526 479.3 517.5 25 70
fall 1.361 338.7 296.6 25 70
Table Q.7 continued
Total Precip (mm) Number of Events
Season z El Nino Other El Nino Other
N e w  O rlean s, LA., 1889-1990
winteryear'1 2.680 1659.2 1506.0 25 77
winter+spring f 3.073 814.1 690.4 25 77
winter f 3.240 424.1 345.2 25 77
spring 2.218 395.4 337.5 30 73
summer -0.824 473.1 490.2 26 77
fall 1.974 369.7 325.1 26 77
Lake C h arles, LA, 1895-1989
winteryear | 4.344 1679.9 1417.2 24 70
winter+spring f 3.607 826.3 675.1 24 70
w inter2 2.328 425.0 361.4 24 70
spring-2 2.433 393.6 312.0 28 67
summer -1.192 440.1 443.9 25 70
fall 2.172 370.9 311.9 25 70
H o u sto n , T X , 1895-1989
winteryear f 3.646 1362.5 1134.8 24 70
winter+spring f 3.547 631.9 504.7 24 70
winter f 3.139 319.0 253.8 24 70
spring 2.155 308.5 250.2 28 67
summer -1.445 291.4 340.4 25 70
fall 1.682 360.3 315.2 25 70
C orpus C h risti, T X , 1895-1989
winteryear $ 3.867 1031.2 818.5 24 70
winter+spring J 3.529 490.5 380.1 24 70
winter f 3.165 219.8 160.8 24 70
spring 2.196 269.0 218.4 28 67
summer -0.989 195.1 219.1 25 70
fall 2.003 282.2 239.6 25 70
Table Q .7 continued
Season z
Total Precip (mm) 
El Niiio Other
Number of Events 
El Niiio Other
B ro w n sv ille , T X , 1895-1989
winteryear1 2.714 713.9 621.1 24 70
winter+spring J 3.538 303.2 224.3 24 70
winter f 2.861 145.3 93.8 24 70
spring 1.526 157.4 130.4 28 67
summer -1.133 158.6 179.8 25 70
fall 0.520 217.0 218.4 25 70
Notes:
I : indicates null hypothesis can be rejected at the .01 level of significance, 
t : indicates null hypothesis can be rejected at the .05 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
Table Q.8: Total precipitation at 8 Gulf of Mexico region, climatic divisions in 
La Nina years; The data is from the Southern Regional Climate Center (Southern 
Regional Climate Center). Results of the rank sum test for differences between La 
Nina and other years; z-Values are given for test of the hypothesis that precipita­
tion varies between La Nina and other years. Confidence criteria are adjusted for 
multiple use of the test. Four levels of significance are shown: a  = .01, reject the 
null hypothesis if z > 3.260 or z < —3.260; a  =  .05, reject the null hypothesis if 
z > 2.740 or z  <  —2.740. Similarly, for the .10 and .20 levels, the criteria are 2.50
..-...... i  X  * /
Total Precip (mm) Number of Events
Season z La Nina Other La Nina Other
K e y  W est , FL, 1895-1989
winteryear -2.200 967.0 1103.3 18 76
winter-f spring2 -2.455 274.2 340.3 18 76
winter -1.115 121.5 147.1 18 76
spring -2.066 157.5 192.3 19 76
summer -0.204 364.5 365.1 18 77
fall -1.064 361.4 386.4 18 77
S t. P e te r sb u r g , FL, 1895-1989
winteryear -1.994 1234.8 1323.3 18 76
winter-f spring J -3.378 322.4 436.9 18 76
winter f -2.931 129.0 189.7 18 76
spring1 -2.559 196.8 247.2 19 76
summer -0.945 549.6 571.5 18 77
fall 0.123 324.0 322.1 18 77
T a llah assee , FL, 1895-1989
winteryear f -2.988 1331.0 1518.1 18 76
winter+spring f -3.565 546.5 696.6 18 76
winter-2 -2.383 285.7 346.0 18 76
spring f -2.796 264.0 351.2 19 76
summer 0.019 512.2 506.3 18 77
fall -1.757 263.2 318.0 18 77
Table Q.8 continued
Total Precip (mm) Number of Events
Season z La Nina Other La Nina Other
N e w  O rlean s, L A , 1889-1990
winteryear | -4.256 1338.3 1593.6 20 82
winter+spring f -4.353 567.4 758.2 20 82
winter'2 -2.402 309.1 378.2 20 82
spring -2.132 289.5 380.0 21 82
summer -0.817 467.6 490.3 20 83
fall -1.993 280.9 349.7 20 83
Lake C h arles, LA , 1895-1989
winteryear f -3.027 1326.2 1521.7 18 76
w inter+spring1 -2.719 617.4 736.5 18 76
winter -0.605 363.2 381.1 18 76
spring -2.014 274.7 351.4 19 76
summer 1.524 466.5 437.3 18 77
fa ll2 -2.312 274.7 339.7 18 77
H o u sto n , T X , 1895-1989
winteryear-1 -2.719 1052.4 1226.3 18 76
winter+spring'1 -2.532 460.4 555.3 18 76
winter -1.811 240.6 277.5 18 76
spring -1.642 229.1 276.9 19 76
summer 1.140 354.8 321.1 18 77
fa ll2 -2.312 266.9 341.2 18 77
C orp u s C h risti, T X , 1895-1989
winteryear f -2.931 743.9 903.3 18 76
winter+spring'2 -2.258 344.7 423.3 18 76
winter -1.903 148.5 182.3 18 76
spring -2.182 189.9 244.2 19 76
summer 1.415 238.7 206.7 18 77
fa ll2 -2.365 210.7 260.2 18 77
Table Q.8 continued
Season z
Total Precip (mm) 
La Nina Other
Number of Events 
La Nina Other
B ro w n sv ille , T X , 1895-1989
winteryear •2 -2.470 583.9 650.9 18 76
winter+spring1 -2.643 200.4 254.9 18 76
winter f -3.258 71.1 115.4 18 76
spring -1.321 121.0 142.7 19 76
summer 1.239 198.1 168.6 18 77
fall -0.223 233.7 214.4 18 77
Notes:
J : indicates null hypothesis can be rejected at the .01 level of significance,
f : indicates null hypothesis can be rejected at the .05 level of significance.
1 : indicates null hypothesis can be rejected at the .10 level of significance.
2 : indicates null hypothesis can be rejected at the .20 level of significance.
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WRIGHTS DT INDEX OF ENSO, 1 8 5 2 - 1 9 1 8 ,  BY WINTER
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WRIGHTS DT INDEX OF ENSO, 1 9 1 7 -1 9 8 4 ,  BY WINTER
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Figure R.2: DT index of ENSO (Wright 1989) by winter, 1917-1984 .


































WRiGHTS DT INDEX OF ENSO, 1 8 5 2 - 1 9 1 8 ,  BY SPRING
VERTICALS BASED ON DT, SST and  PRECIP INDEXES
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WRIGHTS DT INDEX OF ENSO, 1 9 1 7 - 1 9 8 4 ,  BY SPRING
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Figure R.4: DT index of ENSO (Wright 1989) by spring, 1917—1984.
WRIGHTS DT INDEX OF ENSO, 1 8 5 2 -1 9 1 8 ,  BY WINTER+SPRING
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WRIGHTS DT INDEX OF ENSO, 1 9 1 7 - 1 9 8 4 ,  BY WINTER+SPRING
VERTICALS BASED ON DT, SST and PRECIP INDEXES
SOLID L h 
EOLD NJ
IIS:  EL 
MBERS
NINO WIN"ER f  SPRINGS DO'TEDi :LA 







1920 1930 1940 1950 1960 1970 1980

































WRIGHTS DT INDEX OF ENSO, 1 8 5 1 - 1 9 1 8 ,  BY SUMMER
VERTICALS BASED ON DT, SST and PRECIP INDEXES
SOLID LINES: EL 
.BOLD NUMBERS
NO SU VMERS; iDOTTE 
NIN07AND LAiN NA MERS
99
53, 64 .180596l6 5
9 2 ,
S+ S+
1850 1860 1870 1880 1900 1910



























WRIGHTS DT INDEX OF ENSO, 1 9 1 7 - 1 9 8 4 ,  BY SUMMER
VERTICALS BASED ON- DT, SST and PRECIP INDEXES
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WRIGHTS DT INDEX OF ENSO, 1 8 5 1 - 1 9 1 8 ,  BY FALL
VERTICALS BASED ON DT, SST and  P RECIP INDEXES
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WRIGHTS DT INDEX OF ENSO, 1 9 1 7 -1 9 8 4 ,  BY FALL
VERTICALS BASED ON DT, SST and PRECIP INDEXES
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Figure R.10: DT index of ENSO (Wright 1989) by fall, 1917-1984 .
WRIGHTS DT INDEX OF ENSO, 1 8 5 1 - 1 9 1 8 ,  BY WINTERYEAR
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WRIGHTS DT INDEX OF ENSO, 1 9 1 7 -1 9 8 3 ,  BY WINTERYEAR
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WRIGHTS RAIN INDEX OF ENSO, 1 8 9 4 - 1 9 8 3 ,  WINTER
o  VERTICALS BASED ON ALL NDEXES EL NINO YRS: SOLID LINES; LA NINA YRS: DOTTED
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WRIGHTS RAIN INDEX OF ENSO, 1 8 9 4 - 1 9 8 3 ,  SPRING
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WRIGHTS RAIN INDEX OF ENSO ACTIVITY, WINTER+SPRING, 1 8 9 4 - 1 9 8 3
O VERTICALS BASED ON ALL INDEXES INO YRS: SOLID LINES; LA NINA YRS: DOTTED
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WRIGHTS RAIN INDEX OF ENSO, SUMMER, 1 8 9 4 - 1 9 8 3
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WRIGHTS RAIN INDEX OF ENSO, FALL, 1 8 9 4 - 1 9 8 2
O VERTICALS BASED ON ALL INDEXES EL NINO YRS: SOLID LINES; LA NINA YRS: DOTTED
+ 5 .0  
+ 4 .0  

















1900 1920 1940 1960 1980




































WRIGHTS RAIN INDEX OF ENSO, 1 8 9 4 - 1 9 8 2 ,  WINTERYEAR
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WRIGHTS SST INDEX CE ENSO, 1 8 8 0 - 1 9 8 6 ,  WINTER
VERTICALS BASED ON ALL INDEXES EL Nl Q YRS: SOLID LINES; LA NINA YRS: DOTTED
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WRIGHTS SST INDEX OF ENSO, 1 8 8 1 - 1 9 8 6 ,  SPRING
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WRIGHTS SST INDEX OF ENSO, WINTER+SPRING, 1 8 8 1 - 1 9 8 6
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WRIGHTS SST INDEX OF ENSO, SUMMER, 1 8 7 9 - 1 9 8 6
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WRIGHTS SST INDEX OF ENSO, FALL, 1 8 7 9 - 1 9 8 6
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WRIGHTS SST INDEX OF ENSO, 1 8 8 0 - 1 9 8 5 ,  WINTERYEAR
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D ALL EL NINO YEARS, 1 9 4 1 - 9 0 ,  WINTER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
/ ’ * V
ELNINO, £ 5 0 —MB'f'SPD- -MA*X,.>^9 6 ^ —8 9 . .  4 0  N 
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Figure S.l: Storm  locations, winter, 10 El Nino years, 1941-90 .
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Q ALL NON EL NINO YEARS, WINTER, 1 9 4 1 - 9 0 ,  STORMS BY 5 DEG SQUARES 
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Figure S.2: Storm  location s, winter, 40 n o n -E l Nino years, 1941-90 .

































D ALL YEARS, 1 9 4 1 - 9 0 ,  WINTER, STORMS BY 5 DEG SQUARES
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Figure S.3: Storm  locations, winter, all 50 years, 1941—90.
































D ALL EL NINO YEARS, 1 9 4 1 - 9 0 ,  SPRING, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
LINE: ELNINO, 2 5 0 -M B /S P O -M A X ,. .  1 9 6 0 - 8 9
/C.I/^ A N D , , (> 0p 0 M ; MARINE, ONLY - 2 0 0  AND - ^ 0 0 0 ^
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Figure S.4: S torm  lo ca tio n s, spring, 12 El Nino springs, 1 9 4 1 -9 0 .































D ALL NON EL NINO YEARS, SPRING, 1 9 4 1 -9 0 ,  STORMS BY 5 DEG SQUARES
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Figure S.5: Storm  locations, spring, 38 n o n -E l Nino springs, 1941—90.



































D ALL YEARS, 1 9 4 1 - 9 0 ,  SPRING SEASON, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
, ^ 5 0 —MB SPD MAX; • 4 9 - 6 6 8  9.
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Figure S.6: Storm  locations, spring, all 50 springs, 1941 — 90.



































D ALL EL NINO YEARS, 1 9 4 1 -9 0 ,  WINTER+SPRING, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
• ELNINO, 2 5 0 —M’Bi'SPD-MAX, 1 9 6 0 - 8 9
< / , i  i...
>OpOM; M/^RINE, ONLY - 2 0 0  AND -^ 3 0 0 0 ^
2*
' i *  i *
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Figure S.7: Storm  locations, w in ter -p lu s-sp r in g , 10 El Nino years, 1 9 41-90 .
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Q ALL NON EL NINO YEARS, WINTER+SPRING 1 9 4 1 - 9 0 , STORMS BY 5 DEG SQUARES 
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D ALL YEARS, 1 9 4 1 -9 0 ,  WINTER+SPRING, STORMS BY 5 DEG SQUARES













































ALL EL NINO YEARS, 1 9 4 1 -9 0 ,  SUMMER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
p_NINO, 250-M'B/SPO-MAX,. .  1 9 6 0 - 8 9 . . .  
LAND,.>OpOM; MARINE, ON'lY - 2 0 0  AND - ^ 0 0 0 ! ^
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10: S to r m  lo c a t io n s , su m m e r , 10 El Nino y e a r s , 1 9 4 1 -9 0 .


































D ALL NON EL NINO YEARS, SUMMER, 1 9 4 1 -9 0 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
DASH 19-66
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F igu re S. 11: S to r m  lo c a t io n s , su m m e r , 40  n o n - E l  Nino y e a r s , 1 9 4 1 - 9 0 .

































D ALL YEARS, 1 9 4 1 -9 0 ,  SUMMER, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
^ 5 0 —MB SPD MAX; ■•19-66A.89.....
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ALL EL NINO YEARS, 1 9 4 0 -8 9 ,  FALL, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
- i . . . . . . . . . . . . . . . .  r - . . . - ---- ;---- - ------ r - ---------
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Storm  locations, fall, 11 El Nino years, 1940-89 .


































D ALL NON EL NINO YEARS, FALL, 1 9 4 0 -8 9 ,  STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
MAXv- -19.66DASH
7
4 0  N
N
3 0  N
2 5  N
0  N
1 0 5  W 1 0 0  W 9 5  W 9 0  W
F igu re  S. 14: S to r m  lo c a t io n s , fa ll, 39  n o n - E l  Nino y e a r s , 1 9 4 0 -8 9 .





































ALL YEARS, 1 9 4 0 -8 9 ,  FALL, STORMS BY 5 DEG SQUARES
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ALL EL NINO YEARS, 1 9 4 0 -8 9 ,  WINTER YEAR, STORMS BY 5 DEG SQUARES
VALUE NEXT TO ASTERISK INDICATES NUMBER OF STORMS AT THE POINT
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16: S to r m  lo c a t io n s , w in ter  yea r , 10 El Nino y ea rs , 1 9 4 0 -8 9 .


































D ALL NON EL NINO YEARS, WINTER YEAR, 1 9 4 0 -8 9 ,  STORMS BY 5 DEG SQUARES
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Table T .l: W inter year 1982 (1 September 1982 to 31 August 1983) cold front
characteristics: tem perature, pressure, and precipitation, from daily weather map















1 820902 9 12 2.6 0.03 0
2 820916 6 2 0.1 0.38 25
3 820919 19 23 9.2 0.58 0
4 820925 6 5 5.4 0.00 30
5 821003 0 0 3.4 0.10 0
6 821007 3 2 2.7 0.50 10
7 821010 27 26 7.9 1.20 30
8 821016 1 5 4.3 0.00 0
9 821020 17 24 4.3 0.00 20
10 821029 2 4 1.8 0.96 20
11 821103 29 40 15.7 1.32 30
12 821112 30 33 12.2 0.17 45
13 821114 5 3 8.8 0.00 20
14 821124 24 34 14.1 0.61 35
15 821203 26 29 18.3 2.55 90
16 821209 2 4 2.5 0.02 35
17 821211 25 36 11.5 0.00 25
18 821215 22 27 10.7 0.72 90
19 821219 15 20 4.9 0.01 25
20 821226 38 33 19.8 1.09 65
21 830109 25 35 15.0 0.37 60
22 830115 12 12 1.0 0.00 30
23 830118 13 11 12.1 0.11 0
24 830126 8 8 7.6 0.40 90
25 830129 7 10 3.3 0.05 45
26 830201 26 31 20.6 2.11 70
27 830210 20 19 16.6 0.08 90
28 830221 11 9 3.0 1.02 90
29 830225 7 19 7.1 0.00 0
30 830305 8 11 5.7 0.93 90
31 830307 23 27 16.1 0.02 55
32 830320 21 25 16.3 0.27 60













33 830326 12 18 13.5 1.03 45
34 830402 17 23 8.6 0.09 60
35 830406 27 27 12.7 3.69 66
36 830419 8 12 5.0 0.19 0
37 830423 17 21 13.3 2.50 90
38 830503 24 23 7.6 0.16 35
39 830508 11 14 3.8 0.97 25
40 830515 12 15 4.9 1.18 38
41 830523 19 14 4.9 3.12 20
42 830527 3 0 1.1 0.00 0
43 830531 6 8 7.5 0.21 0
44 830607 11 14 8.0 0.65 40
45 830615 6 4 1.6 0.91 20
46 830706 11 11 2.7 0.04 0
47 830814 1 3 1.5 0.00 0
Notes:
*: Crossing angle is gauged along an east-west, relatively straight segment of the 
northern gulf coastline, between Houston, Texas and Tallahassee, Florida. It is 
the acute angle between the front and the coastline. 0° is parallel to coast; 90° 
is perpendicular to coast; 45° indicates a front trending northeast-southwest. The 
crossing angle is not a compass direction.
Table T.2: W inter year 1982 (1 September 1982 to 31 August 1983) cold fronts:
surface winds after cold front crosses coast, from daily weather map (United States
Departm ent of Commerce 1970 to 1990)._____________________________________
Front Cross Coastal Winds After Offshore Winds After
No. Date Speed Direction Duration Speed Direction Duration
YMD kt. Compass0 days kt. Compass0 days
1 820902 8 45 3 10 135 0
2 820916 5 315 2 5 45 2
3 820919 8 0 4 15 45 1
4 820925 5 315 1 8 45 1
5 821003 4 45 1 10 45 1
6 821007 5 135 0 13 135 0
7 821010 6 45 3 13 45 3
8 821016 8 45 1 8 45 0
9 821020 10 45 5 10 45 3
10 821029 5 0 1 7 135 0
11 821103 13 315 2 23 315 3
12 821112 13 0 2 28 45 1
13 821114 13 0 1 18 315 1
14 821124 15 0 1 13 90 0
15 821203 8 315 3 15 45 4
16 821209 15 45 1 13 135 0
17 821211 15 315 2 25 315 1
18 821215 9 315 1 17 0 2
19 821219 8 315 1 8 45 1
20 821226 17 45 6 17 315 4
21 830109 11 0 2 22 315 3
22 830115 9 315 1 12 45 2
23 830118 8 45 3 11 315 3
24 830126 10 315 1 17 315 1
25 830129 5 45 1 10 45 1
26 830201 10 315 1 20 315 2
27 830210 10 45 3 13 45 2
28 830221 5 315 1 15 315 3
29 830225 15 45 2 15 315 1
30 830305 5 180 0 20 315 1
31 830307 8 315 3 22 315 3
32 830320 11 315 1 12 315 1
Table T.2: continued.
Front Cross Coastal Winds After Offshore Winds After
No. Date Speed Direction Duration Speed Direction Duration
YMD kt. Compass0 days kt. Compass0 days
33 830326 5 315 1 13 315 1
34 830402 13 225 1 18 315 1
35 830406 13 315 18 315 2
36 830419 8 45 1 10 45 1
37 830423 10 315 1 17 315 1
38 830503 6 315 1 15 45 1
39 830508 9 45 1 17 135 0
40 830515 8 315 1 10 135 0
41 830523 4 315 1 8 45 2
42 830527 5 0 1 10 135 0
43 830531 6 0 1 10 135 0
44 830607 6 0 1 10 0 1
45 830615 5 45 1 10 90 0
46 830706 5 315 1 10 90 0
47 830814 4 315 1 10 225 0
Table T.3: W inter year 1982 (1 September 1982 to 31 August 1983) cold fronts:
500-mb level param eters after crossing, from daily weather map (United States
Departm ent of Commerce 1970 to 1990).___________________________________
Front Cross [500-mb Level, After Crossing] [At Lowest 500-mb Height]
No. Date Height Wind Wind Height Wind Wind
YMD Drop* Speed Direction Speed Direction
m kt Compass0 m kt. Compass0
1 820902 46 10 0 5869 20 180
2 820916 0 5 45 5915 5 315
3 820919 0 30 315 5838 25 315
4 820925 30 35 315 5732 40 315
5 821003 0 20 225 5854 13 225
6 821007 0 20 225 5884 20 225
7 821010 61 30 225 5823 31 225
8 821016 0 28 270 5762 45 315
9 821020 61 20 315 5793 20 315
10 821029 30 10 315 5793 10 315
11 821103 61 25 270 5701 45 225
12 821112 61 40 315 5823 28 270
13 821114 61 43 270 5762 32 270
14 821124 0 35 225 5793 30 270
15 821203 122 70 180 5701 65 225
16 821209 -31 25 270 5701 65 270
17 821211 122 55 270 5701 65 270
18 821215 0 60 270 5732 50 225
19 821219 31 67 315 5747 50 315
20 821226 30 50 225 5701 50 225
21 830109 61 60 270 5701 50 315
22 830115 92 25 270 5701 25 270
23 830118 76 50 225 5579 77 225
24 830126 -122 25 225 5640 45 225
25 830129 0 40 270 5701 63 270
26 830201 275 70 270 5457 75 270
27 830210 15 35 315 5610 30 225
28 830221 15 25 270 5595 30 225
29 830225 -23 40 315 5587 45 315
30 830305 61 60 225 5640 70 225
31 830307 31 68 315 5518 60 270
32 830320 122 85 270 5549 80 270
Table T.3: continued.
Front Cross [500-mb Level, After Crossing] [At Lowest 500-mb Height]
No. Date Height Wind Wind Height Wind Wind
YMD Drop* Speed Direction Speed Direction
m kt Compass0 m kt. Compass0
33 830326 -7 60 270 5640 72 225
34 830402 46 60 315 5579 80 225
35 830406 92 60 225 5625 75 225
36 830419 -31 50 315 5671 53 45
37 830423 91 55 315 5671 55 315
38 830503 46 40 315 5747 40 315
39 830508 31 40 270 5823 40 270
40 830515 15 50 270 5823 50 270
41 830523 30 40 315 5816 40 315
42 830527 0 20 315 5793 20 315
43 830531 -45 12 270 5732 22 225
44 830607 -15 10 0 5793 35 270
45 830615 23 18 225 5831 18 225
46 830706 0 20 45 5884 20 45
47 830814 0 18 45 5945 10 0
Notes:
*: Height drop =  500-mb height before crossing, minus 500-mb height after crossing; 
500-mb heights are usually lower after crossing, so a negative height drop indicates 
a higher height after crossing.
Table T.4: W inter year 1982 (1 September 1982 to 31 August 1983) cold fronts:
300-mb level parameters on day of crossing, from National Climatic D ata Center
(National Climatic Data Center 1988).__________________________________
Front Cross [Lake Charles, La.] [Bootheville, La]
No. Date Height Wind Wind Height Wind Wind
YMD Speed Direction Speed Direction
m kt Compass0 m kt. Compass0
11 821103 9450 66 209 9528 41 217
12 821112 9585 92 255 9628 68 265
13 821114 9604 66 257 9606 54 265
14 821124 9514 31 237 9543 16 229
15 821203 9548 47 201 9617 39 185
16 821209 9613 51 274 9613 48 292
17 821211 9487 72 264 9562 64 272
18 821215 9414 66 226 9562 52 224
19 821219 9442 61 317 9442 58 318
20 821226 9591 39 209 9616 48 261
21 830109 9331 58 327 9342 54 238
22 830115 9424 54 276 9429 74 281
23 830118 9388 82 252 9416 88 261
24 830126 9195 78 229 9287 64 230
25 830129 9327 78 284 9409 61 279
26 830201 9240 76 180 9400 21 234
27 830210 9219 58 286 9229 62 255
28 830221 9263 58 163 9275 48 237
29 830225 9275 37 261 9358 70 221
30 830305 9272 64 232 9370 76 248
31 830307 9269 61 245 9334 61 236
32 830320 9237 95 254 9344 103 258
33 830326 9240 109 257 9456 62 254
34 830402 9397 70 255 9256 93 250
35 830406 9441 79 236 9501 66 254
36 830419 9410 101 288 9348 88 289
37 830423 9377 103 266 9452 92 262
Table T.4: continued.
Front Cross [Appalachicola, FI]
No. Date Height Wind Wind 
YMD Speed Direction
 m kt Compass0
11 821103 9529 27 202
12 821112 9645 64 279
13 821114 9610 62 279
14 821124 9543 20 234
15 821203 9648 25 196
16 821209 9576 58 299
17 821211 9519 72 282
18 821215 9550 37 242
19 821219 944S 61 265
20 821226 9622 37 286
21 830109 9361 47 247
22 830115 9357 74 272
23 830118 9394 74 275
24 830126 9325 62 242
25 830129 9393 37 230
26 830201 9433 37 241
27 830210 9295 64 233
28 830221 9394 47 222
29 830225 9279 92 262
30 830305 9455 99 261
31 830307 9459 62 205
32 830320 9381 92 262
33 830326 9484 76 275
34 830402 9327 89 228
35 830406 9509 20 270
36 830419 9274 79 287
37 830423 9277 101 263
Table T.5: W inter year 1982 (1 September 1982 to 31 August 1983) frontal-wave
cyclones: surface param eters, from daily weather map (United States Department

















1 3 820921 1 28.5 87.5 45
2 4 820926 1 27.0 82.5 600 45
3 7 821012 2 27.0 97.0 450 45
4 11 821103 1 27.0 94.0 300 45
5 13 821116 2 26.0 97.0 200 0
6 14 821126 3 29.0 96.0 250 45
7 15 821202 3 29.0 99.0 325 45
8 16 821210 1 28.0 96.0 500 45
9 821214 2 29.0 95.0 250 45
10 20 821227 1 33.0 94.0 600 45
11 20 821229 1 26.0 89.0 300 45
12 20 821231 2 26.0 96.0 250 45
13 21 830108 2 32.0 95.0 500 45
14 21 830110 1 28.0 90.0 600 45
15 23 830119 2 26.0 96.0 350 45
16 23 830122 1 26.0 87.0 500 45
17 24 830127 1 29.0 86.0 750 45
18 25 830130 1 31.0 85.0
19 25 830205 2 28.0 102.0 600 45
20 27 830210 2 30.0 88.0 500 45
21 27 830212 1 24.0 88.0 400 45
22 830215 2 23.0 96.0 500 45
23 830216 1 27.0 93.0 500 45
24 28 830220 2 28.0 97.0 263 45
25 29 830226 3 26.0 94.0 300 45
26 830315 3 27.5 89.0 300 45
27 32 830323 1 28.0 98.0 800 45
28 35 830407 2 26.0 92.5 650 45
29 35 830410 1 26.0 81.0 300 45
30 37 830423 1 31.0 86.0 600 45
31 830529 1 26.0 88.0 400 45
32 44 830606 3 33.0 94.0 265 135
33 47 830814 2 29.0 88.0 150 225





















1 3 820921 820919 1015.9 10 0.0
2 4 820926 820925 1008.0 15 2.2
3 7 821012 821010 1010.9 15 1.4
4 11 821103 821103 1007.5 15 1.4
5 13 821116 821114 1015.0 20 0.8
6 14 821126 821124 1007.2 15 2.4
7 15 821202 821203 1004.0 15 2.5
8 16 821210 821209 1011.4 12 1.0
9 821214 1014.0 15 0.7
10 20 821227 821226 1007.6 10 3.2
11 20 821229 821226 1017.1 10 0.6
12 20 821231 821226 1015.3 15 1.7
13 21 830108 830109 1012.4 10 0.2
14 21 830110 830109 1012.0 10' 0.0
15 23 830119 830118 1003.3 25 1.8
16 23 830122 830118 1011.1 15 4.0
17 24 830127 830126 1011.5 20 0.4
18 25 830130 830129 1015.5 5 0.0
19 25 830205 830129 1008.1 20 1.7
20 27 830210 830210 1002.4 25 1.2
21 27 830212 830210 1011.5 30 2.1
22 830215 1004.0 30 0.3
23 830216 1003.7 25 0.8
24 28 830220 830221 1005.3 25 1.0
25 29 830226 830225 1004.6 30 1.1
26 830315 988.8 30 1.9
27 32 830323 830320 1002.0 25 1.1
28 35 830407 830406 1005.6 20 1.4
29 35 830410 830406 1015.6 10 0.9
30 37 830423 830423 1001.1 15 0.8
31 830529 1005.9 15 2.7
32 44 830606 830607 1009.1 15 1.9
33 47 830814 830814 1015.5 15 1.1
*: Blank indicates associated front unable to be determined, or there was none.
Table T.6: W inter year 1982 (1 September 1982 to 31 August 1983) frontal-wave
cyclones: 500-mb level parameters, from daily weather map (United States Depart-

















[At Lowest 500-mb Height] 
Height Wind Direction 
m kt. Compass”
1 3 820921 5854 35 270 5854 35 270
2 4 820926 5762 50 225 5762 50 225
3 7 821012 5854 25 225 5823 20 225
4 11 821103 5762 38 225 5762 38 225
5 13 821116 5823 45 315 5762 40 270
6 14 821126 5823 40 225 5823 60 225
7 15 821202 5701 65 225 5701 65 225
8 16 821210 5823 35 225 5793 30 225
9 821214 5762 25 225 5701 50 225
10 20 821227 5732 60 225 5732 60 225
11 20 821229 5823 50 225 5823 40 225
12 20 821231 5793 60 225 5762 65 225
13 21 830108 5823 30 270 5640 30 270
14 21 830110 5762 30 225 5762 30 225
15 23 830119 5732 20 225 5518 30 225
16 23 830122 5762 55 225 5762 55 225
17 24 830127 5640 50 225 5640 50 225
18 25 830130 5701 45 305 5701 45 305
19 25 830205 5701 60 225 5701 60 225
20 27 830210 5701 35 270 5579 35 225
21 27 830212 5762 50 225 5762 85 225
22 830215 5579 30 225 5579 28 225
23 830216 5640 40 225 5640 60 225
24 28 830220 5701 20 315 5518 25 0
25 29 830226 5671 10 180 5579 30 135
26 830315 5640 20 135 5518 10 225
27 32 830323 5671 45 225 5579 80 225
28 35 830407 5793 60 225 5701 55 225
29 35 830410 5854 45 225 5854 45 225
30 37 830423 5701 45 225 5701 45 225
31 830529 5823 25 270 5808 40 225
32 44 830606 5777 20 270 5777 20 270
33 47 830814 5884 10 0 5884 10 0
*: Blank indicates associated front unable to be determined, or there was none.
Table T.7: W inter year 1982 (1 September 1982 to 31 August 1983) frontal-wave
cyclones: 300-mb level param eters at Lake Charles, Louisiana, from National Cli-
m atic D ata Center (National Climatic Data Center 1988).______________
Storm Front* Origin 300-mb Level, Lake Charles, La.
No. No. Date Height Wind Speed Direction u V
YMD m kt Compass0 kt kt
4 11 821103 9450 66 209 31 57
5 13 821116 9454 64 304 53 -35
6 14 821126 9519 70 238 59 37
7 15 821202 9429 101 178 -3 100
8 16 821210 9594 61 245 55 25
9 821214 9414 66 226 47 45
10 20 821227 9477 52 219 32 40
11 20 821229 9377 107 245 96 45
12 20 821231 9421 101 243 89 45
13 21 830108 9331 58 327 31 -48
14 21 830110 9352 84 250 78 28
15 23 830119 9245 27 115 -24 11
16 23 830122 9120 82 236 67 45
17 24 830127 9195 78 229 58 51
18 25 830130 9435 56 270 56 0
19 25 830205 9237 132 248 122 49
20 27 830210 9219 58 286 55 -15
21 27 830212 9194 110 228 81 73
22 830215 9205 41 229 30 26
23 830216 9264 31 273 30 - 1
24 28 830220 9263 58 163 -16 55
25 29 830226 9186 37 266 36 2
26 830315 9200 33 219 20 25
27 32 830323 9290 78 248 72 29
28 35 830407 9353 95 226 68 65
29 35 830410 9236 119 236 98 66
30 37 830423 9377 103 266 102 7
*: Blank indicates associated front unable to be determined, or there was none.
Table T.8: W inter year 1982 (1 September 1982 to 31 August 1983) frontal-wave
cyclones: 300-mb level param eters at Boothville, Louisiana, from National Climatic
D ata Center (National Climatic D ata Center 1988).___________________
Storm Front Origin 300-mb Level, Boothville, La.
No. No. Date Height Wind Speed Direction u V
YMD m kt Compass0 kt kt
4 11 821103 9528 41 217 24 32
5 13 821116 9455 30 268 29 1
6 14 821126 9605 39 227 28 26
7 15 821202 9617 39 185 3 38
8 16 821210 9605 48 271 47 0
9 821214 9531 43 242 37 20
10 20 821227 9548 39 223 26 28
11 20 821229 9493 74 238 62 39
12 20 821231 9469 86 252 81 26
13 21 830108 9342 54 238 45 28
14 21 830110 9431 64 250 60 21
15 23 830119 9289 51 205 21 46
16 23 830122 9266 99 238 83 52
17 24 830127 9191 82 255 79 21
18 25 830130 9463 58 284 56 -14
19 25 830205 9390 132 254 126 36
20 27 830210 9229 62 255 59 16
21 27 830212 9316 105 226 75 72
22 830215 9237 76 177 -3 75
23 830216 9237 76 177 -3 75
24 28 830220 9275 48 237 40 26
25 29 830226 9252 16 162 -4 15
26 830315 9150 39 41 -25 -29
27 32 830323 9347 78 244 70 34
28 35 830407 9408 107 231 83 67
29 35 830410 9270 92 251 86 29
30 37 830423 9452 92 262 91 12
*: Blank indicates associated front unable to be determined, or there was none.
Table T.9: W inter year 1982 (1 September 1982 to 31 August 1983) frontal-wave cy­
clones: 300-mb level param eters at Appalachicola, Florida, from National Climatic
D ata Center (National Climatic D ata Center 1988)._________________
No. Front* Origin 300-mb Level, Appalachicola, FI.
No. Date Height Wind Speed Direction u V
YMD m kt Compass0 kt kt
4 11 821103 9529 27 202 10 25
5 13 821116 9449 33 274 32 -2
6 14 821126 9601 33 256 32 7
7 15 821202 9618 37 193 8 36
8 16 821210 9578 52 290 48 -17
9 821214 9534 61 277 60 -7
10 20 821227 9624 43 231 33 27
11 20 821229 9514 57 248 52 21
12 20 821231 9520 66 251 62 21
13 21 830108 9338 43 253 41 12
14 21 830110 9445 61 254 58 16
15 23 830119 9409 89 256 86 21
16 23 830122 9331 93 238 78 49
17 24 830127 9227 101 239 86 52
18 25 830130 9416 56 298 49 -26
19 25 830205 9416 110 275 109 -9
20 27 830210 9295 64 233 51 38
21 27 830212 9365 113 241 98 54
22 830215 9335 68 210 34 58
23 830216 9335 68 210 34 58
24 28 830220 9376 10 273 9 0
25 29 830226 9288 61 245 55 25
26 830315 9152 30 87 -29 - 1
27 32 830323 9387 95 244 85 41
28 35 830407 9553 58 236 48 32
29 35 830410 9359 95 220 61 72
30 37 830423 9277 101 263 100 12
*: Blank indicates associated front unable to be determined, or there was none.
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